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AN EFFICIENT CODE FOR THE SIMULATION OF
NONHYDROSTATIC STRATIFIED FLOW OVER OBSTACLES

Gregory G. Pihos and Morton G, Wurtele
Department of Atmospheric Sciences

University of California, Los Angeles

INTRODUCTION
Background

The gravity wave is the subject of a voluminous literature containing
theoretical and/or observational studies. However, the numerical simula-
tion of this phenomenon has received much less attention than has climate
modeling or numerical weather prediction. A two-dimensional, nonlinear,
nonhydrostatic model (Foldvik and Wurtele, 1967) produced realistic
results, but was too expensive for operational use. Various linear models
(Danielsen and Bleck, 1970; Vergeiner, 1971) avoided this difficulty, but
could be considered reliable only when reproducing wave-like features and
not when simulating turbulence-generating, wave-breaking patterns. Some
highly successful computations are those of Klemp and Lilly (1978), which
are applicable when the disturbance generated satisfies the quasi-hydro-
static approximation.

When the prediction of areas of clear-air turbulence (CAT) is the
chief emphasis of a study, it is essential to retain both nonlinear and

nonhydrostatic effects in any numerical model. Since 1966, computers and



computational techniques have been developed to an extent permitting the
formulation of a model Tike that of Foldvik and Wurtele, but efficient
enough to run at low cost, As a consequence, such a model can be used

(1) to study sensitivity of results to input data; (2) to test the im-
plications of a great variety of idealized initial and boundary conditions;
and (3) to simulate easily and cheaply in real time the gravity-wave and
CAT patterns associated with any operationally analyzed or predicted syn-
optic situation. The model and the code of the present study have been

developed with all three of these purposes in mind,
Gravity Waves and CAT

Before describing the model in detail, it may be advisable to clarify
some ideas and concepts involved in the relation between gravity waves and
clear air turbulence. Although a number of subtie dynamic considerations
are involved in the stability of stratified shear flow, for the purposes
of this study we shall proceed from the assumption that a Richardson number
of 0.25 is the marginally critical value for the stability of an incom-
pressible Boussinesq flow to small perturbations. Normally the initial
conditions assumed for the model will be characterized by Richardson num-
bers many times larger than the critical. By one means or another--
represented in the model by flow over an obstacle--this flow is disturbed,
and disturbed flow will contain areas in which the Richardson number is
reduced from its initial value and areas in which it is increased. The
dynamic/kinematic mechanism of this Richardson number modification-by-

deformatijon is subject to various semi-quantitative explanations. Some



interpretations are reviewed by Pao and Goldburg (1969), The most widely
accepted explanation of CAT generation is that large amplitude gravity
waves resulting from flow over mountain ranges can and do generate local
regions in which the Richardson number falls below the critical value, and
moderate to severe CAT results.

Steady state linear or nonlinear solutions have been constructed for
a number of highly idealized conditions. However, mathematical analysis
cannot predict with any precision whether and where areas of subcritical
Richardson number will occur from an arbitrary disturbance in an arbitrary
flow field. Thus, for the purposes of the present work, we rely upon the
numerical model exclusively to make these predictions. No attempt is made
here to verify any particular theoretical interpretations of CAT formation;
this must be the goal of further study, It should also be emphasized that
qualitative features, such as wavelength, rotor formation, trapping, and
upward propagation, are well simulated by various gravity wave models in
the Titerature, but that there exist few quantitative comparisons with
observational data. Further comparison to actual measurements will be
required to measure the reliability of this model, or any other, to
simulate nature. To this end, use of this model is welcome, and we have
endeavored to make the code as understandable and as versatile as possible.
In addition to the description of the model in the following section, a

documentation of the code is given in the appendix,
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THE TWO-DIMENSIONAL, BOUSSINESQ MODEL

The model must include buoyancy as the primary restoring force for
any disturbance of the free stream. However, dynamic compressibility--
the effect resulting in acoustic waves--is not significant in the study
of CAT. Thus, incompressibility is assumed, but in a manner that retains
the static effect of compressibility, Thus temperature, potential
temperature, density, and pressure in the undisturbed atmosphere may be
realistically represented in the initial conditions of the model. Further,
the Boussinesq assumption is made, neglecting the kinematic effect of den-
sity variation (that is, where density multiplies velocity) while retaining
the full dynamic effect of buoyancy (where density multiplies gravity).

The two-dimensional, Boussinesq model greatly facilitates computational
ease and speed. Only two variables, vorticity and density, are directly
advanced in time. The third variable, the streamfunction, is obtained
at each time step by solving a Poisson equation (eq. (7c) below). The
method of solution consists of applying a fast Fourier transform in the
horizontal, then utilizing a one-dimensional marching solution in the
vertical. This noniterative procedure is at least an order of magnitude
faster‘than iterative relaxation techniques. Another advantage of this
model is the existence of an energy integral for arbitrary mean density
profiles, such as upstream inversions. (In contrast, non-Boussinesq models
present computational difficulties when the stability profile is varying
rapidly.) These factors will permit the program to be used frequently with

sounding data, or in theoretical profiles. A description of the input/output




options is given in the appendix.

Equations Solved by the Model

We begin with the following set of equations:
The equation of motion:
v, 2> -
v _ -1 > _
g rfkxv="0Vp+7g (Ta)
The equation of state:

p=pRT (1b)

The equation of continuity:

and the thermodynamic equation:

=, Fn T - R In p) (1d)
Molecular viscosity and thermal conductivity will be considered to be
unimportant.

This set of four equations in four unknowns may be simplified by
making several assumptions., First, we will concentrate on mountain-
induced gravity waves, and will 1imit our consideration to length scales
of motion which are small compared to cyclone scale motions, so the
effect of rotation will be ignored, Second, the time scale of the motion
is small compared to the time scale of radiative heating, so the adiabatic

assumption, %% = 0, may be made. The system of equations then becomes:

[aXfal
<y

_ -1 -
T pVety (2a)




p=pRT (2b)

B 4 o7+7=0 (2c)
d d _
cp —%-(1n T) -R T (In P)=0 (2d)

A further simplification results from assuming the fluid density to be
incompressible but not homogeneous. This permits us to allow density grad-
ients in the vertical and buoyant restoring force without the unnecessary
computation of acoustic motions, Both terms in equation (2c) then become
equal to zero. This permits us to express the system of equations (2) as a

system of three equations in three unknowns:

dv _ -1 — (3a)
a- Pty . a
do .

2= 0 (3b)
v.v=0 (3c)

The Boussinesq approximation states that the kinematic effects of density
gradients are negligible compared to the buoyancy effects of density
gradients in the equation of motion. The nonlinear equation (3a) then

becomes:

p. ¥ = -Vp + pg (4)




where Po is an undisturbed reference density.

Although significant airflow is deflected around long mountain ranges
such as the Sierra Nevada, even when the wind is normal to the ridgeline
(Holmboe and Klieforth, 1957), we will concentrate on the flow passing
directly over the mountain. For this purpose, the cross section of the
range is'sufficiently uniform such that the flow may be assumed to be
two dimensional. Taking the curl of equation (4) with the operator (Jj-Vx)

in a left-handed x-z coordinate system yields the vorticity equation:

§£—.= - -* + - g -B_p.

5 Ve (zv) 5, O (5a)
Similarly, %%~= —V-(pV) (5b)
where ¢ = ﬁ-va = %g—- %%3 and u and w are the horizontal and vertical

-5
components of v.

The streamfunction ¢ for two-dimensional incompressible flow may be

2 2
defined by QQ_E w and 'gy-s u. Then, ¢ = Vzw, where Vz =2 4 .,
X 9z axz 822
and the system of equations (5) becomes:
9c _ 93¢ dp 9Ly _ _99p (6a)
9t  9x 3z 3z 3x R ax
9 _ 20 3 _3p 3y (6b)
ot B®x 3z 9z 3x
viy = ¢ (6c)




=) - 22 (7a)
(¢}

3:-\ ~

g% = J(p,¥) (7b)

v2p=t (7¢)

The lower boundary condition is that the surface is a streamline:
¥(x,h{x)) = constant (7d)
where h(x) is the height of the barrier. The upper boundary condition 1is

that the kinetic energy becomes vanishingly small with elevation:
2) )2

+0as z>o (7€)

T olu? +w?) = % o(wy

The system of equations (7) constitutes the model on which the program
is based. The scheme for their numerical solution and the associated code
are fully described in the appendix. The assumptions made are justified
and discussed below. In subsequent sections, numerical simulations with
the model are compared with selected special cases for which analytical

solutions can be obtained.
A Justification of the Incompressible and Boussinesq Approximations

The effect of these two assumptions may be seen by examining the ver-
tical velocity, profile of the steady state, linearized perturbation equa-
tions. Defining 6 = T(EQQK and I = cp(g-)K, where g = R/cp, the compres-
sible system of equations (2) may be reegpressed as:




QE = VI + g (8a)

0 d_g = -cs2 Vv (8b)
-g%=o (8c)
where cs2 = cpKe]I/cv = chT/cv. In a two-dimensional steady-state system

(where %E'= 0), these become:
u %%-+ W %%—= -6 %%— (9a)
iy o & . (9b)
o(u g;—+ W g%) = —csz(%§-+ %g) , (9c)
u %%—+ W %g— =0 (9d)

Now, assume that each variable g(x,z) in the system may be expressed as
the sum of a perturbed part g'(x,z), and an unperturbed part q(z); that
is, q(x,z) = q'(x,z) + q(x,z). Further assume that w(z) = 0, and that

the unperturbed state is in hydrostatic balance, that is, g = 45-%% .

The linearized perturbation equations for the compressible system are then:

@_l
9X

= g on'
) X (10a)

u + w!

Ol
N[




1
Q
=
Q

=

@

=1

5x - 0579 52 (10b)
u g%f +w' %g-= 0 (10c)
56 W'e v 2 - e P2y 2 (10d)
This system is then solved for w':
3;:; + ES%F- %E-l (gd %gf+ [?5-33-1n md + %—%E-ln(gd gg—- é-g;%]w‘ =0
-2 (11)

wherem = 1 - %‘?—‘ Usually, u << Ces which means m=1, so the equation

S
for w' in the compressible system becomes:

21 21 ! 0 01
A (12)
X 9z u u u 8z
where § = -~ l_a.Q’ S El .3_6. . and s =S + g____
- 3z = 3z 2
P 8 Cq

To analyze the effect of the incompressible assumption, we will derive
a similar equation for w' from the incompressible system of equations (3).

In a two-dimensional steady-state system, these equations have the form:

du . du_-12p

u X v 9z p 99X (13a)
ow aw _ -13p _

u 5y W S 5z g (13b)

10




u a_g + W 29_ =0 (13C)
U, dw _ . 1o
u, g (13d)

As before, assume that each variable q(x,z) may be expressed as

q(x,z) = q'(x,z) + q(x,z), and assume that gp = '%g-. Then the Tinearized

perturbation equations for the incompressible system are:

qou'y »8d_ -13p'
Usx ¥ YW 327 T 5x (14a)
P
gou'. -13p' p'g
Uax T Tz 7 - (14b)
p p
- 9p', idp _
Uy TSy s 0 (14¢)
du', ow'_
xts7 =0 (14d)
The equation for w' in the incompressible system is then:
2 2 - 2-
o W' w' ow' gs , s 3u 137U
s AWM (s L0, 2 (15)
o2 8z2 ez W 097 § oz

The only difference between the steady-state compressible and incom-
pressible equations appears in the terms %;Y' and %%Ef. So atmospheric
motions may still be modeled by the heterggeneous ?ncompressib1e model
by replacing the frequency of oscillation of the incompressible fluid

1/2 )1/2

(gs) by the Brunt-Vaisala frequency N = (gS of atmospheric

11



buoyancy oscillations.
Now, to discuss the effect of the Boussinesq approximation, we will
derive an equation for w' from the system of equations (4), (3b), and (3c).

The two-dimensional steady-state equations are:

du, . du_ -1 3p

u X W 0Z Py X (16a)
W aw _ -1 3p _ pg

Yax TMez T o0z o, (16b)

The complete set includes equations (13c) and (13d), The linearized per-

turbation equations are:

=du', ., 9u_ -1 dp'

Uzt w 5= o, BX (17a)
ow' _ -1 8p' p'g

u X 0 X e (17b)

The complete set of linearized equations includes (14c) and (14d). These

result in the following equation for w' in the Boussinesq system:

2 2, gs 2-
e L (18)
X 9z u u 3z
= -1 30
where s0 = o Ny -

The incompressible Boussinesq and non-Boussinesq w' equations may be

made similar to each other by transforming the non-Boussinesq equation into

the form:

12



2 2 - 2-
3" 3w ds ' s d3u 13°u 1 2 135s
+ ——+ (_— + —_-' ~ - — T - 7 S + __)(U' = O
a2 572 T R R 2 3z (19)
5 \1/2 gs 1 0%
where o' = (E-) w' . In most atmospheric profiles, the :?-and )
0 - u u az
terms dominate over the §-%!3 %—sz, and %—§§-terms, so the dynamics of w'
m z 0z

in the Boussinesq system are similar to the dynamics of w' in the non-
Boussinesqg system. Since w' = (29)1/2 w', the dynamics of the two systems
are similar to the degree that 5?2) remains constant. This is true essen-
tially for shallow atmospheric systems (Ogura and Phillips, 1962),

To sum up, the reason for using the incompressible assumption and
Boussinesq approximation is to simplify the system of equations to be
solved. In order to retain the dynamics of the compressible atmosphere,
the stability S will be used, and vertical density gradients will be re-
tained everywhere. The total percentage variation of density in the fluid
will be kept small, since p will then have the same scale height as the

potential temperature. Then the compressible system w' equation (12)

P
applies, and may be similarly transformed using w' = (:991/2w‘ to yield:
p
2 2
b O (20)
9% o0z
S = 2-
where F(z) = g§-+ §'%%“ %.Q_ﬁ._ 12, l.@% _
u u u oz

Techniques for Analytical Solution of the Linear Problem

The mountain wave problem consists of solving equation (20) with the

appropriate boundary conditions in the upper half plane z > 0. The lower

13



boundary condition consists of tangential flow to the barrier,

w'(x,z) = SQ(X) [u(z) + u*(x,z)] at z = h(x) (21)

where h(x) is the height of the barrier. Assuming that h is small, the

linearized version of equation (21) is written as:

1 - 11 dh(X)
w'(x,0) = u(0) Ix (22)
The upper boundary condition is that the kinetic energy, 5w2/2, vanish at

r = o where r = (x2 + 22)]/2. In terms of w'(x,z), these conditions be-
come:

' (x,0) = G(0) %giﬁl-, and Tlima' =0 . (23)

Yo
Now, assume that w'(x,z) may be expressed as a sum of individual wave

components, o'(x,z) = /. @(k,z)e1kxdk, and express the ground terrain as a

sum of Fourier components, h(x) = fmﬂ(k)e1kxdk. Since the system is
linear, the behavior of a single wave component may now be examined, The

w system becomes:

2" ~
d g(k’Z) + [F(z) - kz]m(k,z) = (24a)
dz

with boundary conditions:

5(k,0) = ika(0)h(k), and Tim w(k,z) = 0. (24b)

70

14



The general solution is a(k,z) = cl(k)a](k,z) + cz(k)az(k,z); where c1(k)
and cz(k) are arbitrary constants to be determined by 112 [;(k,z)] = 0.

Then w(k,z) = c3(k)63(k,z), where 83(k,z) is a Tlinear combination of 81(k,z)
and az(k,z), and c3(k) is determined by another boundary condition,c3(k) =

a(k,o)/&3(k,o). Then

A A w3(k’z)
o(k,z) = iku(0Yh(k) = (25)
m3(k,0
- . o~ g3(k,z) .
w'(x,2) = fZika(0)h(k) e *% dk (26)

~00 (.U3(k,0)

This integral is improperly defined for any value of k where &3(k,o) = 0,
If the integral is evaluated at these singularities by taking Cauchy's
principal value, the primary contribution to the integral comes from the
neighborhood of the singularities. These discrete values of k, if any
exist, correspond to free waves or resonance waves of the system, and
represent eigensolutions of equation (24) which dominate other waves in
the system.

For a given velocity and stabiltity profile, the boundary conditions
either do not uniquely determine the steady-state solution, or do not
uniquely determine the amplitudes of the free waves, Mathematical
uniqueness may be established, however, by some physical argument, such
as requiring that all waves vanish far upstream of the barrier, or by
considering a time-dependent system which asymptotically approaches the

steady-state solution.

15



COMPARISON OF MODEL WITH ANALYTICAL SOLUTIOQNS

To establish confidence in the consistency of the numerical model,
the computations will be compared to known analytical solutions. In
general, these analytical solutions exist only for the linearized steady-
state equations with simple idealized meteorological profiles. Although
the model also incorporates nonlinear and transient motions, it should
qualitatively and quantitatively resemble the Tinear, steady-state solutions
after a period of model time, assuming that the barrier height and the
density and velocity profiles have been selected to preclude highly non-

lTinear effects.
Constant Velocity, Constant Stability Case

This is basically the simplest case, since F(z) in equation (20) has

_ 93 1.2 - 1 2 ¢S
the constant value F —-;7? -z s where u = U Usually, T s'<< I:? . so
)
that the w' equation becomes: °
2 2
§~% + é—%- + kszw' =0 (27)
9X 9z
gs | . A : . o
where kS = (——é) is the stationary wavenumber. This wave equation specifies
Uo o 21TuO T0 1/2
d. i = — = e = —_
a disturbance with wavelength X, 5 N 2mu [g(§a~:§7i (where T

is the reference temperature, v is the lapse rate, and Y4 is the dry adi-
abatic lapse rate), which is independent of the barrier and is approached
asymptotically at large distances by the actual solution since the boundary

conditions have not yet been taken into account. Using the previously

16



stated boundary conditions, Lyra (1943) expressed the yertical velocity
field for an arbitrary obstacle z = h(x) as an infinite series of Bessel

functions of the first and second kind (Jv and Yo):

' - o dh(x) 3 (1 1 > cos(2v+1)a
w'(x.2) = 2u, =557 g Y (kor) + I Jou 4y (kr) —og— Jdx
(28)

where o = tan _1(§). Since the Bessel functions J, are eigensolutions of

the system, an infinite number of free waves exist, due to the zeros in the
Jv' For many barrier shapes, including the rectangular shape in the
numerical model, the free waves add up to form an infinite series of back-
ward tilting lee waves with A - xs as r > o,

Figures 1 through 3 show the transient development of the streamlines
for the Lyra problem when u, = 25 m/sec, To = 273K, v = 0, Ax = Az = 1000 m,
and At = 20 sec (referred to as case 1) at times 50 At, 75 At, and 100 At.
The qualitative appearance of the waves agrees with the results of Lyra,
except for the influence of the top boundary in the model. This boundary
will not be as important in most other velocity profiles, since more
energy will be trapped at lower levels, The theory predicts that xs= 8.4 km,
The most reliable wavelength measurements for comparison to the analytical
solutions are taken in the area of a well-developed wave pattern and as far
downstream as is feasible to avoid distortions caused by the assumption of
no upstream perturbations, At 7 km elevation, figure 3 exhibits 8.5 km
separation between the second and third crests, and 8 km separation between

the third and fourth crests,

17



As the model approaches a steady state 90 2v _ 20 g = %%—+ 0 or
§_lp_ _B_w_=§_9_ a_p_- 3 - . .
Ny / 5% - 32 / x> that is, the slopes of the isolines of streamfunction
and density are everywhere equal, so that the isolines of these variables
should coincide. Figures 4 and 5 show the general resemblance of the density

field to the streamline field at time 50 At and 100 At, except in the vicinity

of the barrier, where most transient development is still taking place.

- P '
Assuming that p(z) = 6 in the model, then o' = (:g)l/zm' = w' = %%—,
P
and equation (20) becomes:
2 1 2 ]
§—§§-+ §—9?-+ F(z)y' = 0 (29)
aX YA
In the Lyra case, F(z) = ksz, and ¢ = 0, so then ¢! = Vzw', which implies

that z' = -kszw'; that is, the isolines of vorticity should coincide with
the isolines of streamfunction displacement, Figures 6 and 7 show the
resemblance of the vorticity field to the troughs and crests of the
streamline field, except in the vicinity of the barrier, where the
assumption of linearity is not valid. It should also be noted that the
vorticity field shows small scale perturbations which are computational

in nature. These short wavelength perturbations occur mainly as a result
of aliasing, that is, the inability of any numerical model to resolve
disturbances with wavelengths Tess than two grid intervals. As is

discussed in the appendix, the finite differencing scheme used retards the
unstable growth of these perturbations, and we have not found it necessary
to use filtering, smoothing, or damping operators in order to run physically
meaningful computations for a sufficiently long period of time., Since the
vorticity is the second derivative of the streamfunction, the streamfunction

field should remain smoother than the vorticity field.
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5 5%y, 2
The local Richardson number, defined as Ri = - 9——91/ (&£)¢ in the
p 9z 922

model corresponding to figures 3, 5, and 7 at time 100 At, is shown in
figure 8. It should be noted that Richardson number tends to vary

rapidly over several orders of magnitude in disturbed sections of the flow.
Thus, 1og]O(Ri) is actually plotted, and values of Ri ¢ .16 or Ri > 10 are
set to 0.16 or 10 respectively, in order to highiight areas where Ri < 0.25.
Also, since the Richardson number is the quotient of first and second
derivatives, the finite-difference analog for Ri is not dependable within

one grid interval of the ground terrain,

Linear Shear, Constant Stability Case

du _
For this case, F(z) = g%-+ E_—E-- %—sz, where u = u0(1 + ¢z). Assuming
u u oz
that %%-- %_52 >> %—%%, equation (29) becomes:
u u
3%yt 2% L ,gs  s%y .,
X z u

Assume that ¢'(x,z) = /° eikxﬁ(k,z)dk, and let z, = 1 + cz, Then, for a

-C0

single wave component:

Ri_ ~

Y4 (cky? + %)y = 0 (31)
d 2 1 2
z, z
2
2 k2+% S
where k] = 5= » and Rio = —?9§—- The solution to this equation
c u-c
0

satisfying the upper boundary condition is a modified Bessel function of

the third kind of imaginary order Kiu (k]z] , where p = (Ri - %J1/2.
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Using the lower boundary condition, the solution can be expressed as (Wurtele,

1953):
ixk A Kiu[k1(1+cz)]

vix,2) = (G T R Dl a (32)
-0 iut ol
The free waves of the system correspond to discrete values of kn(or (k1)n)
. _ . _ o 2 1 _2,-1/2
for which Kiu[(k1)n] = 0, with wavelength Ay = kn = 2n[(k1)nc ~7s ]

and no tilt with height, and exist only for u > 0 or Rio > %n The number

of free waves with wavelengths in the mesoscale range increases with
decreasing shear, approaching an infinite number in the Lyra case,

When ug = 10 m/sec, ¢ = 2.7 x 10—4/m, To = 250K, and y = 6.76K/km
(referred to as case 2), then Rio = 16.0, u = 3,97, and the theory predicts
two free wave modes with waveiengths 13.7 km and 31.0 km. Figure 9 shows
the streamfunction field at 3750 seconds. Only the first wave has developed,
with two crests separated by 13 km. At 7500 seconds, figure 10 reveals the
shorter wave dominating below 5 km, and a longer wave with two crests

separated by 29 km prevailing at higher elevations, in accordance with the

theory,
Exponential Shear, Constant Stability Case
. = _ cz . g5 _-2cz 21 .2 ,.13s
In this case, u u,e’", so F(z) u2 e +s¢c - C 7S t335
)
Assuming that the total percentage variation of p is small compared to the
2 3s

total percentage variation of u, then the terms s°, 37 and sc are all much

smaller than c2, and equation (29) becomes:

2 2
: 7 : 5t (95—2 ) UL (33)
oX 0Z u

0
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Assume that v'(x,z) = /° e1kxw(k,2)dk, and let z, = Ri01/2e7cz’ where
Ri = ——%§7 . Then, for a single wave component:
u_ ¢ 2
0 K
2/\ A _2'+1
e e LIRS L | (34)
dz2 2 "2 z,
The solution to this equation satisfying the upper boundary condition is
2
a Bessel function of the first kind, J (z,), where v = (E?-+ 1)1/22 1. Using

: c
the lower boundary condition, the solution can be expressed as (Palm and

Foldvik, 1960):

. 1/2 -cz
SN J_(Ri e %)
px2) = T(2)° eMhik) ey
=0 dJd (Rio )

dk (35)
v

The free waves, if any, result from discrete values of kn(or vn) for which

1/2 _2m 2m

Jv(RiO ) = 0, and have wavelength Ay = kn c(v2-1)1/2 with maximum
n

. T . .

amplitude development at z = - E—]n[(zz)n/R1o], where (22)n is the value
of z, at which Jv(zz) attains its maximum value between the nth and (n+1)th
zeros of Jv(zz).

It can be seen graphically (Jahnke and Emde, 1945) that no waves exist

if Rio]/z < 3,8, one wave exists if 3.8 g Rio]/Z

1/2

< 7.0, and two waves exist

if 7.0 < Ri /% < 70.2. when u = 20 m/sec, ¢ = 1,8x10"*/m, and

N = 1.2x10'2/sec (referred to as case 3), then Rio]/z

= 3.3, and the theory
predicts no waves, Figure 11 shows no waves after 1200 seconds, When
u, = 10 m/sec, ¢ = 2x10'4/m, and N = 1,2x10'2/sec (referred to as case 4),

. 1/2
then R10

= 6.0, and the theory predicts one wave mode with A = 12.8 km,
and with maximum amplitude development at z = 2,24 km. At 4500 sec, Figure 12

shows two crests separated by 13 km and maximum amplitude occurs at z = 2 km,
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Nonlinear Case with Constant pu2

This case, developed by Long (1955), solves the nonlinear equations with
a nonlinear barrier in a fluid with a rigid top and bottom, The incompres-

sible, steady-state equations of motion (13a,b) may be rewritten as follows:

2,2
+
p I (M) - gow = - 22 (362)
2,2
3 + 3
p 55 (%) + gou = - B - g (36b)

where o = p(y) and ¢ = z(v). Eliminating p, equation (36) becomes:

2,2 2, 2
) 1 dp +w - d dp u”+w -
(u 35+ 5 er £ 2 (P +92)] = Glon L3 +92)] = 0 (37)
This is then integrated to yield:
2
2. .1 do (Vy) + 1 doru”
A T 2 dw[ + g(z,-2)] (38)

where u(y) and zo(w) are the horizontal velocity and height associated with

the streamline for constant ¢ far upstream of the barrier. Noting that

d 1 d . . .
dw = - —'dz , and substituting § = z, -2 yields an equation in §:
ves + [(VS)2 ] (In pu 2y -9, do (39)
2 dz P 7 dz
ou )
Now, if pu2 is constant, then [p dz ]/u is constant, and equation (39)
becomes the Tinear equation:
Vs +als =0 (40)

where 02 = |§-%§—| /LZ. The constant pu2 criterion is satisfied approximately
0

by the model by setting u constant and keeping density gradients small.
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4]

Specifying the boundary conditions as &(x,0) %{1 + cos E%) for

0 at the top boundary

-b < x < b, with 6(x,0) = 0 elsewhere, and §(x,H)

z = H, Long expressed the solution of (38) as:

m
§{x >b, z) =-azx [2Ynsin(2nb)sin(2nx) sin(nmz)]
n=1
© Y - -
-a 3 {—% [e’ln(x b)_ e Rn(X+b)]s1'n(nwz)} (41)
n=n,+1
2
2 _ 2 2 2 _nm 2 . .
where Rn =0 =N, v, = E;z - nﬂ/(ln - Eﬁ) and ny is the Targest integer

2
for which 2, > 0.

When u, = 30 m/sec, N = 1,2x10'2/sec, H 10 km, a = 0.3H, and b = 0.4H
(referred to as case 5), the theory predicts a single wave mode with wave-
Nl 2
(——Z“-TT)
u

o

Tength Ay E 2mi _ 2mH = 25.4 km with maximum vertical velocity

2

1
Iwmaxl ~ 2aug yq%qsin 29b = 21.2 m/sec. In order to obtain numerical
computations corresponding to Long's solution, the model simulates the lower
boundary condition by specifying the nonrigid flow boundary

w(x,0) = - E—%Ebzsin(l%) for -b < x < b, and w(x,0) = 0 elsewhere. Values

of a and b have been chosen to preclude highly nonlinear disturbances
downstream. Figures 13 and 14 show the streamline and vertical velocity
fields at time 3000 sec. The separation between the two crests is approxi-
mately 25 km, and the maximum vertical velocity is approximately 18 m/sec.
It should be noted that the vertical velocity is defined to have a greater

value than this at the inflow, and that the measurements must be taken at

least beyond the first crest,
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Comparison of Nonlinear Effects

In the cases above, the height of the barrier has been chosen to be
sufficiently small so that the model will produce Tlinear effects. However,
features such as the reversed flow or rotors often observed in association
with mountain Tee waves arise from the nonlinearity of the barrier. This
concept may be explained as follows, According to equation (22), the

linearized surface boundary condition for the streamfunction may be written:

' (x,0) = u h(x) = u hd(x) (42)

where d(x) is a dimensionless profile function of order unity, and h is
the maximum height of the barrier. In the constant velocity, constant
stability case, for example, y'(x,z) is a function of ksh, so that ¢

may be expressed in the form:
= ! = - v
Y=Y+ Y u,2 G(ksx, ksz) (43)

where G is of order unity, and G(ksx, 0) = d(x). The horizontal velocity

is then:

3G(k _x,k_z) 9G6(k x,k _z)
=N -, s ’s . . s7°"s
u 3z Ys uoh 9z u0[1 ksh aikszi ] (44)

where BG/a(ksz) is dimensionless and of order unity. The condition for

reversed flow, or u < 0, is then approximately ksh > 1, Miles (1969)

calculated the critical values of ksh for flow over semi.elliptical barriers

to be between 0.67 and 1.73, depending on the ellipticity of the barrier.
Figure 15 displays the streamline field at 1500 seconds for the

Lyra problem when ksh = 1,17 (referred to as case 6), showing that the
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critical 1imit has just been exceeded, with reverse flow at some points

in the field. This case is similar to case 1, except that Ax = Az = 750 m,
and At =15 sec. The corresponding density field js displayed in figure 16,
A more highly nonlinear case with ksh = 1,95, T0 = 250K, Ax = Az = 625 m,
At = 10 sec (referred to as case 7) is portrayed in figures 17 through 19,
at times 600 seconds, 800 seconds, and 1000 seconds, respectively, This
sequence reveals the development of highly unstable configurations which
break down realistically into rotorlike formations. It should be noted

that the turbulence associated with the instability of the breaking wave

is not simulated, The density field corresponding to streamline figure 19
is shown in figure 20. The Richardson number fields corresponding to

streamline figures 15 and 19 are shown in figures 21, and 22, respectively.

COMPARISON OF MODEL WITH OBSERVATIONS

Some of the most detailed observations of the atmospheric structure
associated with mountain-induced waves have been taken over the eastern slope
of the Rocky Mountains near Boulder and Denver. Boulder is located at the
immediate base of the north-south range, and is susceptible to occasional
downslope windstorms, On January 11, 1972, a particularly violent wind-
storm with peak mean wind velocities of 30 m/sec, and gusts to 55 m/sec
swept through the area. Lilly and Zipser (1972) derived cross sections of
the potential temperature (figure 23) and horizontal wind velocity (figure 24)
from aircraft observations taken duringthié event, The fiqures reveal a
severe downslope windstorm and extensive mid-tropospheric clear air

turbulence induced by a wave of large amplitude and wavelength,
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Nonlinear numerical simulations of this case have been performed by Klemp
and Lilly (1978), and by Peltier and Clark (1979).

The wind and stability profiles are initialized for our model from the
Grand Junction, Colorado sounding at 000Z on 12 January 1972, Grand Junction
js approximately 300 km upwind and at approximately the same elevation as
Boulder. The lee slope of the Rocky Mountains in the vicinity of Boulder
is reproduced as closely as is possible with a resolution of Ax = 2000 m
and Az = 500 m. The upwind terrain is quite complex, but its model
representation was not found to have an appreciabie effect in the computation
owing to partial upstream blocking. Since the potential temperature often
varies on the surface of a high mountain, the density has been allowed to
vary on the surface of the barrier for this computation.

Figures 25 and 26 show the streamline field and the horizontal velocity
field at 4250 seconds. The model reproduces many of the observed features
of the mountain wave. The computed trough of the wave is located almost
directly over Boulder, which is situated within one grid point of the lee
slope. The computation shows the first crest of the wave to be 38 km
downstream from the crest of the mountain, compared to an observed distance
of 37 km. The wave shows no tilt with height up to the tropopause at
approximately 11 km, then tilts back sharply into the stratosphere.

In comparing the locations of the maximum and minimum wind velocities,
it should be noted that figure 23 contains two sets of observations taken
several hours apart. The winds in figure 24 are derived from the data taken
during the time when the trough of the wave had moved over the lee siope of
the mountain, presumably due to variation in the upstream wind or stability

profiles, A study of numerous windstorms in the Boulder area by Brinkmann
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(1974) reveals that the surface wind speed maximum is Jocalized heneath the
trough of the wave, and the output of the_mode] is in agreement with this

finding.

SUMMARY AND CONCLUSIONS

This report has described the development of a numerical model fopr the
simulation of nonlinear, nonhydro§tatic stratified flow oyer obstacles, This
type of model is appropriate for the investigation of clear air turbulence
associated with gravity waves resulting from flow over mountain ranges, To
simplify the equations to be solyed, the flow has been assumed to be two
dimensional and incompressible, and the Boussinesq approximation has been
made. These features have made possible a code which is sufficiently versa-
tile and efficient to accommodate case studies using either idealized profiles
or actual sounding data.

Simplicity has also been retained in the boundary conditions. Distur-
bances are generated by a rigid barrier, which is part of the lTower boundary.
The top boundary is also rigid, with periodic boundary conditions at the
sides. Although these conditions require a sufficiently large computational
field to produce physically useful results before contamination occurs, the
computational speed of the program has always made this feasible,

The consistency of the numerical model has been established by compar-
ing the computations to known analytic solutions, and by comparison with
mountain wave observations. The model reproduced qualitative and quant-
itative features of the steady-state solutions, and also realistically

simulated breaking wave patterns associated with highly nonlinear obstacles.
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These tests provide confidence that the model may now be applied to

observational data for further comparison,
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APPENDIX: DESCRIPTION OF THE COMPUTER PROGRAM

DESCRIPTION OF CALCULATIONS

The System to be Solved

The program solves the time-dependent system of equations:

% = 3(z.) -%g{% (Ala)
o]

2L = o) (A1b)

vzw = (Alc)

on a rectangular grid in the x-z plane, with rigid s1ip boundaries
(tangential flow) at the top and bottom (where ¢ and p have constant,
fixed values), and periodic boundary conditions at the sides such that

the inflow at one side matches the outflow at the other. To facilitate
the finite difference calculation of horizontal derivatives in the
program, the second to Tast column is a duplicate of the first, and the
last column is a duplicate of the second, Disturbances are generated in
the flow by a rigid barrier of user-specified shape and size, which becomes
part of the Tower boundary. This system is pictured in the diagram below.
Grid points in the x-z plane are indexed with the letters (i,j) beginning
with (i,3j) = (1,1). 1In this system, all variables will be assumed to have

values only at the same discrete grid points (i,j). All1 finite difference
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expressions are valid for all unique (i,j) in the grid unless otherwise

stated.
top rigid boundary

=NJ_+.‘_‘_‘_‘_‘_“+‘_‘_LJILII“I'[J‘I‘J

vo= l1’t : . . . . . . Ow_ » 9rid point (i,j) -
x = (i-1)Ax
P — . . . . z (j-1 JAZ

Cae

v o= b ff-points on the barrier
=p -
c
J=-|-* ""l,’llllrf
i =1 Tower rigid boundary i = NI

Several comments need to be made regarding the boundary conditions.
First, since the streamfunction is held constant at all times along the
lower surface and .the barrier, the program is applying a nonlinear boundary
condition in every problem. Thus, the potential exists for nonlinear
features to form even when simulating a linear analytic solution. The dis-
tinction between "linear" and "nonlinear” cases is determined by the degree
of nonlinear behavior in the solution.

Second, it should be noted that a periodic boundary condition in the
x-direction allows disturbances which propagate to either lateral boundary
to reenter through the opposite side, eventually contaminating the solution.
The computational field must be given sufficient horizontal extent so that
useful results are obtained before contamination occurs. This disadvantage
is offset by the absence of reflection at the lateral boundaries, and by the

flexibility of the model to simulate a wide variety of nonlinear flow prob-
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Tems without the necessity of devising a suitable set of open boundary con-
ditions for each problem,

Finally, we mention that the top boundary condition constitutes a
rigid 1id. Since this is highly reflective, the computational field must
be given sufficient vertical extent so that useful results are obtained
before significant reflection occurs. Due to the computational speed of
the model, it has always been feasible to utilize a sufficiently large

array for these purposes.
Scheme for Solving the Equations

The program uses an explicit, centered-time (leapfrog), centered-space
finite differencing scheme with fixed boundary conditions on ¢ and p to
solve the system of equations (1), Assuming that ¢, p, and ¢ are all known
at time steps m-1 and m, then equations (la) and (1b) may be integrated to

yield p and ¢ at time step m+l1:

g -

™= D", WM - < Breaar 4 M (A2a)
s}

g™, Myt + ™ (A2b)

where pm and cm are the values of p and ¢ at time step m. Then wm+1 is
found from cm+] by relaxing V2wm+1 = cm+].

To begin the procedure, ¢, p, and z are initialized at all points at
time step 0. Then, in order to start the three level time differencing

scheme, it is necessary to obtain the values of the variables at time step
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1 by another method. The model uses a Matsuno-type scheme, which involves
taking a half time step forward, then using a centered time difference to

proceed to time step 1, as follows:

V2= (e, 4°) - 36 gg?] AL g0 (A3a)
p1/2 = 3(0°, ¢°)- ét + o0 (A3b)
relax V2¢1/2 = ;]/2 for w1/2 (A3c)
el = e/, w1 - 25 ggl/zJ-At + o (A4a)
ol = (o' /2, y1/%)ent + 0O (A4b)
relax V2w1 = z1 for w1. (Adc)

This scheme results in less computational error, and is less destabilizing
than taking a full forward time step.

After hundreds of time steps, the leapfrog scheme may introduce a
time-splitting instability into the solution of this nonlinear model.
This instability may be suppressed by the occasional insertion of a time
step made by a two level scheme (Mesinger and Arakawa, 1976), Thus, the
program restarts the procedure every 25 time steps with the scheme de-
scribed above. This is not the only method which may be used, but it is

a standard numerical procedure (Arakawa and Lamb, 1977),
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-0 = -0
Initialization of wo, po, and ¢

The user determines the unperturbed Eo(z), 5%(z), and 7%(z2) by speci-
fying the initial horizontal velocity profile, uo(z), and either the inijtial
stability profile, So(z), or the initial temperature and pressure profiles,
T°(z) and p°(z). In two dimensions, Eo(x,z) = - STu(x,z)dz - wl(x,z)dx].

When wo(x,z) = 0, and uo(x,z) is a function of z only, this becomes:
7°(z) = -féuo(z')dz' + U, (A5)

where wc is an arbitrary constant which has been set to zero by the program.
@O $?j’ the finite difference

Denoting the value of at grid point (i,3) as

form of equation (A5), using the trapezoidal rule, is:

70 . =0 (A6a)
i,1

(0]
P =30 .- (I TNy, for a1l ge2,...N0 (A6b)
isj wisj'] 2 ) S

where @?j = 9°[(5-1)Az].

1 390(2)_
eo(z) 92
The density profile in this incompressible model is defined to correspond

_O
to the stability of the compressible atmosphere by setting _;1 ) apaﬁz)
p \Z

For the compressible atmosphere, the stability is So(z) =

=s%(z). The expression for Bo(z) is then:

0°(2) = o, expl-s7 s°(z")dz'] (A7)
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where Oc is an arbitrary constant which has been set to 1.25 kg/m3. Using

the trapezoidal rule, the finite difference form of equation (A7) is:

03 =0 (Asa)

00 . =70 Az c0 0 .
03,5 = Pi,3-1 &Pl 5785 59 * S5 )] for all =2, ..., NJ (ABD)

If the user specifies the temperature and pressure profiles instead of

the stability, then using the definition 6° = TO(E%)K , the density

a053° 1 a1° PR
profile is defined by setting — 2L =2 - P . The expression
50 8z TO 9z cpp Z
for Bo(z) becomes :
T p%a)
°(z) = o ( )< (A9)
€ 1%2z)  Pc

where Pe> T , and p, are arbitrary constants which have been set to 1,25

o
kg/m3, 273K, and 105 kg/m—sec2 respectively, and « = 2/7. The finite

difference form of equation (A9) is:

[0}
o T D: .
—0 _Tcc [i,3y2/7 "
1,5 7 o ( P, ) (A10)
i,J

The vorticity is calculated initially from the streamfunction by the

expression ZO = v2$o' Since @o is a function of z only, the expression
for Eo becomes:
2-0
0(z) = 8 g (z) (A11)
a9z



The finite difference form of equation (A11) is:

- _ 1 =0 =0 =0 s

Ci’j - -———? (l'b'i ,J._-I + 'q)_i ,j+-l - le'i ,j) fOY‘ J_Zlgtv-’NJ".l (A]Za)
(Az)

=0 _ =0

z9 0 (A12c)

Si,Nd T %9,NJ-1
Influence of the Barrier

Since Fourier transform methods are used to relax Vzw = ¢ for the
streamfunction at each time step, all interior grid points in the field,
including those on or inside the barrier, must be considered to be part of
the flow. Values of y at these points are thus subject to change as a re-
sult of the transformations., To preserve the desired boundary condition on
the barrier, the effect of the vorticity generated by each separate point
on the barrier is superposed with the effect of the vorticity generated by
all the internal points in the grid. Then, the streamfunction at each point
on the barrier is expressed as a linear combination of the relaxation
solutions associated with these vorticities (Roache, 1972):

2 2 NPB 9
o=y + X o, for all & =1, NPB (A13)
0 k=1 K’k

where wo is the solution of Vzwo =z, wk is the solution of Vzwk =Ty
due to a unit vorticity () at barrier point k, the superscript 2 represents

the values of v, wo, and U at barrier point £, and NPB is the number of
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points on the barrier., The ak's are determined at each time step from the
linear system (A13). Then, at each grid point (i,j) in the system,

NPB
lab-i,‘] = (lp )' .t i=_] O‘k(wk)'i,j (A]4)

0’1,J
Although the superposed solution ¥ results from additional vorticity on the
barrier, the solution is a valid one, since it satisfies Vzw = ¢ at all
internal points in the flow, and satisfies all boundary conditions, includ-
ing the barrier., The additional vorticity on the barrier introduces no
perturbations in the vorticity of the flow at any time,

As an example in computing the ak's, consider the case with three points

on the barrier. The system of equations (A13) then becomes:
b1 = g+ agy +ogly + gl
VD = U ey + ol + gl

Applying Cramer's rule,

W o-v) o uy v
N U S N T (A16)
R MR- QR
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= By (0 - 0) + By ,(07 - v2) + 8500 - ),

r" -
1 1
LA P ¢;

where D is the determinant of the matrix W$ Vs wg

1 .3 3 3
RAERZ w”
2 2 1 1 1 1
_1 Y2 v _1fv2 v3 _1|v2 V3
and By7 = 5§ s Bip = F s Bi3 =5 , (M7)
11 D 12 D 13 D
3 3 3 3 2 2
Yo V3 v V3 Yo V3
with similar expressions for o and Og- For the general case with NPB
points on the barrier,
NPB 2
4y = §=] (v~ - \bo)Bk2 , for all k=1, NPB (A18)

where the Bk2 need to be calculated only once. A Gaussian elimination

scheme is used to calculate the determinants for the Bkl's.

Specifying the Initial Conditions

At time step O, the barrier is suddenly introduced into the flow by
defining the bottom topography to be a line of constant ¢ and p, To reduce
the physical shock of introducing the barrier, a solution due to the barrier
may be added to @0 without perturbing the vorticity in the flow. This is

__-O

expressed as wo = , where wo is the streamfunction at

* 1pbar‘r‘ier‘
time step 0, and vzwbarrier = 0. Since the isolines of ¢ and o coincide
everywhere as the model approaches a steady state, a similar perturbation

is added to Eoso that the isolines of wo and po approximately coincide, as
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shown below.
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The finite difference expressions for wo, po, and ;0 are then:

NPB NPB _—
° =39 70 2,0
Yig T T {7 E:][wc - (v (A19a)
Pig = 01,5 P Uy g ) (ey g - pi,j'-ﬂ/(%',j' " Vi)
(A19b)
0 _ 30
1,5 T %1, (A19¢)

where, in equation (19b), j' > 2 is the lowest row number for which }ﬁ? j'l

0
> vyl
It should be noted that the potential flow scheme described above does
not have a beneficial effect for every possible initial velocity profile
u®(z). Specifically, if the velocity changes direction at upper levels, or

is generally decreasing with height, then the code should be modified to
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set p2 and p° to Y° and 5° (except on the barrier, where ¢° = Y. and o° = pc) -
Calculation of J(z,y), J(p,p), and %%

The long-term computational stability of the model depends en the finite
difference form of the equations to be integrated. Arakawa (1966) devised

a method to retard nonlinear computational instability in the equation

3z
ot

square vorticity. This scheme is used by the program to calculate J{z,y) on

= J(z,p) by conserving mean vorticity, mean kinetic energy, and mean

the boundaries, and J(z,p) and J(p,y) at interior grid points. The finite
difference form, Jij(c,w), depends on the Tocation of the grid point, which

may be one of ten types, as shown below.

B L
1 (top)
0 (interior)
7 (left outs1de

corner) 8 (right outside

\ (top of \ Q corner)
arrier)
3 (Teft side \\\’ 4 (right side
of barrier) { {i/ of barrier)
3

2 (bottom) 5 (left inside 9 (inside 6 (right inside
corner) barrier) corner)

After applying boundary conditions, and using the fact that ¥ is constant

on the upper boundary and ¢ = 0 on the lower boundary, the finite difference

expressions for J(z,p) are as follows:
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-1
for type 0, J;:(2.9) = qmemy L0550 * Vygq jo1 = Y4501~ Vi, 54105440 ,5

SRR IR I IR P S IR TR DI ST

* (¢1+1,j Vi, T Vi, ¢1-1,j+1)ci,j+1

S T I R R W I T BRI IR DRI

P is Y sn B g Y g Y 505 0

P Vi T i Y g )R ] (A200)
for type 1, Jij(C,W) = gi%zg'[(wi’j_1 Fhin,ga o Zwi,j)ci+1,j

Py et g T A 50t

AR IR IR PR P2

g 5oty (50 501 7 e, g1 (A20b)

. o
for type 2, J55(2) = grgy L0y 541 - Yinr 500085005

v ,n Ui 54105500,

+ . . - . . e
(w1+]’\]+] w]_‘[’J_'_'l)(:.i’j_H +wi,j+](ci-] ;J"*'] = C'i‘l"-l,j'*'])'] (AZOC)
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for type 3, Jij(Csw) 6AXAZ L(- lp-| -1,3-1 + wi-],j+])ci—1sj

i 7 Yo, a e il a1 T Yio,50%4,01 (A20d)

* 03,585,500 7 T, ga)]
for type 4, 3;5(2.0) = gy [iug 51 = Dian, 31 0540
+ (¢1+] j + ¢i+]’j+])ci,j+] (—wi+1,j-1 = ¢i+]’j)ci’j_]

V341 J(C1+],j+1 B C1'+'I,j-'l)] (A20e)
I
for type 53 Jij(c’w) - §Z§ZE-Lw1-],j+](Ci-1,j = Ci,j+])] (AZOf)
_ -1
for type 6s Jij(Caw) - §Z§ZE'[wi+],j+](Ci,j+] = Ci+],j)] (AZOQ)
-1

l!.
|

for type 7, J5(00) = grgz [0 50 - Vi 5008405

Uiy PV, ga P Y%t Wi e
ll’1'-1,3' pR IR RIS TN I (¢1-1,j-1 t 1,508,500

(C - Ci‘],j+])] (AZOh)

J+1(C. 1,3+ 7 Ci+1,j+1) tU -1,371-1,31

for type 8, 3;5(.0) = gz [ g1 = ¥y 501 = Yian, 54105401 5
+(WL1J+1+ Ui410%501,5 t W5 Vi, 3n - Yo, 5e1 0% 50
i a1 T Ve, 30% 50 LG ga T i)
05,5015, 501 7 B, ) (A201)

for type 9, Jij(c,w) =0 (A203)

For point type O, Jij(p,w) has a similar expression to equation (A20a).
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For all other types? Jij(p,w) = 0, which is equivalent to fixing the value
of p on the boundarﬁes. This method appears to be the most suitable for
modeling physically significant transient motions in the system, When the
Arakawa form of the Jacobian was used for J(p,y) on the boundaries, the
system remained stable, but often approached a steady state at an unaccepta-
bly slow rate, since p was free to vary on the boundaries while ¥ was fixed.

The finite difference expressions for Qﬁ-are:

X
0. . - 0. .
30 _ i, i-1,.J3 .
(Bx)i,j = S for point types 0,7,8 (A21a)
=0 for types 1,2,5,6,9 (A21b)
0. . - P. .
= 1,] 1_]’\]
i for type 3 (A21c)
p. . - p. .
- bl 1. for type 4, (A21d)

Relaxation of Vzw = ¢ for o

The finite difference form of the equation Vzw =g is:

SO 5 TG % M 15 O I 25 B 8 5 B W

(A22)
ER (ax)° (az)?

The exact, noniterative solution of equation (A22), with periodic boundary
conditions in x, may be expressed as the sum of discrete Fourier components

cn(z) in x at each level of z:

42



Ny-1 .
¥(x,2) = %- z cn(z)e]nkx (A23)
X n=0
= 2’“‘ . - = -l = = .
where k = W;ZY ; x = pAx for p=0,. . ., Nx 13 z = gAz for g=1,., . ., Nz’
NX = NI - 2, the number of unique grid points in the x-direction; and
NZ = NJ -~ 2, the number of interior grid points in the z-direction.

The cn(z) are calculated from the boundary values of ¥, and from the Fourier
N -1 .
components dn(z) of ¢ (where ¢(x,z) = %— X dn(z)e1nkx), through a system

x n=0
of finite difference equations which result from marching in the z-direction

for each component n.

The relationship between the Fourier components < and dn is derived as

follows:
! 2 ¢ ), 22y )

1 inkpAx 5 Ax ,qAz 9 Y (pAx,qAz

t(pAx,qaz) = z d (gbz)e pax - P g + p g
X n=0 2 (pax) 3(qhz)
2 2 Ny -1 .
kpAXx

= %‘ 1 g—g + —4L——§—?J r  c,(qpz)e’ P (A24)

2 . . 2

d
 egfan) Ly Sy ety i L6 gy,
n

(a2)% dq2

Using a centered finite difference approximation for the second derivative,

1 d2 inkpbx eink(p+1)Ax + e1nk(p—1)Ax _ painkpax (n25)
—7  72°¢ B 2
(Ax)" dp (Ax)
= o lNkphx __E_E [cos(nkAx)=-1]

(Ax)
M c [(q+1)az]l + ¢ [(g-1)az] - 2¢ (gaz)
and 5 % Cn(qu) = 5 (A26)

(Az)” dq (az)



Equation (A24) then becomes:

-1 ink -l 2 2 i
r dp eMKPAX _ 5 {c, > [cos(Nﬂn)J]e1nkpr
n=0 "9 n=0 ™9 (Ax)
c +cC - 2c .
+ n,q+l n,q51 n,q e1nkpr} (A27)
(Az)
where <, q = cn(qu). Since each Fourier component responds independently

of the others, the relationship under the summation holds separately for

each n:
c +cC - 2¢
d o =C ot 7 [cos(%ﬂn) - 1] + .ot n,g—1 N9 (A28)
-9 9 (ax) X (pz)
which becomes:
2 ) _ 2 (A29)
Cn,qe1 P L2 K)oy g =y qn T (8207 g
2 (Az)2 2mn
where (k') =z 2 =451 - cos(N——J],
(ax) X
For each n=0,. . ., NX - 1, equation (A29) comprises a set of NZ
linear equations in NZ unknowns ch qQ’ for g =1,. . .. Nz‘ and is equivalent

to the matrix equation Acn = b:
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' -
2+k 1 Cn,T
1 2e?
-1 '
. -1 :
-1 2+k'2 -1
1 24kl .
Nz’Nz zZ NZ,1
2
c ,O—(Az) dn,]
2
-(az) qn,Z
. (A30)
2
-(Az) dn,NZ-1
2
c - (Az)°d
n,NZ+1 n,NZ N,
z
The dn q terms are found by taking the Fourier series of ¢ at each interior
level z = gpz, g = 1,. . ., Nz’ and the Cn,o and Cn,NZ+1 terms are found by

taking the Fourier series of y at the upper and lower boundaries, as follows:

N_ -1
X .
_ ~inkpAx (A31a)
dhg " 2 z(pAx,qaz)e
p=0
Nx-1
¢, o= plpax,0)e”NkPAX (AS1D)
n,o
p=0
N -1
X - inkpAx (A31¢c)
ChN 41 =2 lp[pr,(NZH)Az]e_ P
>z p=0
From this, the , 9 terms for each n =0,, . ., NX -1, for all g=1,, . .,NZ
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are found by inverting the tridiagonal matrix A:

c, = A b, for each n=0,...,N -1 . (A32)

Then, ¢ is obtained by taking the inverse Fourier transform of the <, q

£

U(pAX,qAz) = %—-Z c emkpr . (A33)
n

The scheme for calculating the < q for each n is the following:

]

2
= 2{1+ iézl?-[1-cos(%ﬂﬂ)]}
AX) X

p
th 1 B
en u =
.
L up q
up(q) =ay tuy $ for g=2,...,N, (A34)
f(g) = b(q) - ul-f(q-l) p

FN,)
then ¢ N = __(N_Z)_
>z up z
f(q) +c
n,qtl =N -
and Cn,q up(d) for g NZ T,...,1
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Calculation of u, Ri, and w

These quantities are calculated from ¥, p, and ¢ at any time step
specified by the user. Since the values are not used for any subsequent
time step, the finite difference equations for u are smoothed by using cubic
spline function interpolation to calculate continuous first and second
derivatives of ¢ and p in z,

For each column of x, the procedure is to match the first and second
derivatives of subsequent pairs of NJ-1 cubic polynomials qj(z) (3 =2,...,
NJ), at NJ-2 internal grid points, zj(j=2,...,NJ-1), given boundary condi-
tions at Z; and z, .. Let these polynomials have the form:

NJ

q:(z) = tvy (1-t)vj_1 + taz(1-t)[(k: 4 - dj)(l-t) - (kj'dj)t]’ (A35)

J J-
z-2; 4 V"Vj-1 . .
where t =——7§}—— . dj = = Vj = the value of ¥ or p at point Jj, and
dqj(zj) _
kj =5 (Dahlquist and Bjorck, 1974), Then the expressions for the

first and second derivatives in z become:

dg.(z) v.-v.

VAR B 2_ - 2_ }

i Ty + (3t 4t+1)(kj_1 dj)+(3t 2t)(kj dj) (A36)
4%, (2)

J = -4 - - -d. 37
and 2 iz [{6t )(kj_] dj)+(6t 2)(kj dJ)] . (A37)
These polynomials satisfy the relationships:

dg...(z.) dq.(z.)
il A Rt M A for 3=2,...,Nd-1 (A38)

dz dz J
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P4 2
d qj(zj)= d qj+1(zj) _ 1
2 Az

[-4kj+6dj+ 'ij+1] for j=2,...,,N3-1 (A39)

and 1

dz? dz

+d.) , (A40)

provided that kj_1+4kj+kj+1=3(dj+1 j

The boundary conditions are:

2
d q2(z]) 82v1 ' 1 a'Az
e anhbw s [-4ky + 6d, - 2k,] or 2k;+k,=3d,- 25
(Ad41a)
2 2
d%qy.(zy4) 07V
NJ*“NJ NJ 1
= = b' = 57 [2ky,_q - 6dyy + 4ky] or
d22 822 Az NJ-1 NJ NJ
_ b'Az
kngo1 * 2kyg = 3dyg + 2 (A41b)

Equations (A4la), (A40), and (A41b) comprise a set of NJ Tinear equations 1in

NJ unknowns kj’ j=1,,..,NJ, and are equivalent to the matrix equation Acn=b:

a'Az
2 1 0 K, 3d,- 24
T4 . . 3(d2+d3)
o 1 a -, . .
DRI . ] . (A42)
4 10 .
P 3(dy g1 -dyy)
0 1 2 K b'az
NaNg S W g1 N 3 M
AV .

The 5EJ'E kj are found by inverting the tridiagonal matrix A according to

the following scheme:
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up(1) = a4(1)

f(1) = b(1)
_ - A
Uy = ﬁb(j-]f -
up(d) = ag(3) +ug ®  for 3 =2,..., N C(A43)
#(3) = B(3) + u F(3T)
p

- f(Ng)
then kNJ = E;Tﬁj)

o f(3) - kj+1 for 5 = NI - T,...,1
and kj = —~U;(jy*——”
where ad(t)=2, ad(j)=4 for j=2,...,NJ-1, and ad(NJ)=2.
Then, by equation (39) the second derivative of Vj hecomes :

9 V. oV . Veq=V. av -
1 J g+l 'J Nl .
57— F 6(=7)-2 55— for j=2,...,NJ-1  (A44)

The finite difference expressions for u = "W and Ri = -2 2 /

2 0z p 9z
(é—%QZ are as follows:
3z
VT
= 1,
U s —rl (A45)
2
- 9Ps 1 3 VY, .
Ri, . = 9 1,3 // ( ;,3)2 (R46)
9J pi’j 82 az

The first derivative of ¢ is obtained for each column (i=1,...,NI) by

UPRPE TP
+ . s = »j "i,3-1 1= 70
applying equation (A42) with di,j = Ny s @ §1’1 , and
b' = Z? NJ Then the second derivative of ¥ may be expressed as:
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2

- . . Yo wom=U. . 3. .
i.d .1 . i,J i.3+1 Ti,3y i,3+]
NI VR P =0 - 2 5 (A47)

The first derivative of p is obtained for each column (i=1,...,NI)

. i L _Pi,i TPy V- Vo
by applying equation (A42) with di j = 5 ,a'=0, and b' =
The finite difference expression for w = gx is:
Veq s = Vs 7 s
W, . o=l Tl (A48)

1,J 20X

This equation may be solved by expressing y(x,z) and w(x,z) as a sum of

discrete Fourier components cn(z) and dn(z) in x at each level of z:

N_-1
X .

W(x,2) = g3 e (2)e!"X (h49)
x n=0
NX-1

Wix,z) = -1 d (z)e! "X (A50)

AN
x n=0
- 2m - - -
where k = NXAX ,» X = pAx for p—O,,,.,NX-l, and Nx NI-2, The rela-

tionship between the Fourier components Ch and dn is derived as follows:

N
_ 1 X inkpAx _ aw(pAx,z)
wpeaz) = o dy(a)e MR - Sy
N -1 N, -1
inkpax 1k 1 d _inkpAx
19 o ¢ (2)e'*F L Cn(z)  d (A51)
NAX 3p p=g N x n=0 P
1 Nx_] e1'nk(p + 1)Ax ink(p - 1)Ax
) N;_§=O cp ()L 2bx
Nx_] . X
= Nl-z cn(z) Z% sin(nkAx)e1nkpr
x n=0
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Since each Fourier component responds independently of the others, the

terms under the summation are equal for each n:

d (z) = c,(2) Z%—sin(nkAx) | (A52)

The cn(z) terms are found by taking the Fourier series of y at each

level of z:
N -1
X -inkpAx
c (z) =2 0Lp(pr,z)e (A53)
n:

Then equation (A52) yields dn(z), and w is obtained by taking the inverse

Fourier transform of the dn(z):

N -1
X inkpAx
w(pAx,z) = 1N— pod (2)e'™P (A54)
x n=0
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DESCRIPTION OF CARD INPUT DATA

Space and Time Data

Space and Time Card:  NI,NJ,NT,NPB,IBT,ISAVE,DELTAX,DELTAZ,DELTAT

NI

NJ
NT
NPB

IBT

ISAVE

DELTAX
DELTAZ
DELTAT

52

(format: 614,1P3D10.2)

Number of grid points in the x-direction (i.e., number of columns).
Due to restrictions imposed by the fast Fourier transform
routine, NI must equal 2" 4 2, where n is a positive integer.

Number of grid points in the z-direction (i.e., number of rows).

Number of time steps.

Number of grid points on the surface of the barrier, excluding
points on the lowest row. Refer to explanation of barrier
data below.

Beginning time step. If IBT = 0, then read wind velocity and
stability data. If IBT.NE.O, then the data saved at time
step IBT from a previous run is to be input from a tape or
permanent file.

Data retention indicator. If ISAVE =1, then data at the last
time step is to be saved on a tape or permanent file. Other-
wise, set ISAVE = 0.

Grid spacing in the x-direction (in meters).

Grid spacing in the z-direction (in meters).

Time step interval (in seconds).



Barrier Data

Barrier Card(s): (18(1),JB(1),1=1,NPB)

(format: 2014)

1B(1) Column number of the Ith point on the barrier.

JB(I) Row number of the Ith point on the barrier.

As éhown in the example below, IB(I) and JB(I) are to be specified in a
continuous fashion along the surface of the barrier, beginning with the
leftmost grid point in the second row, and ending with the rightmost grid
point in the second row. The surface of the barrier must connect adjacent
grid points only horizontally or vertically, never diagonally. No barrier
grid point may ever be specified in the first row. The position and shape
of the barrier may be arbitrary, but only one barrier is permitted, and its

width may not exceed (NI-4) horizontal grid intervals. On the barrier

pictured below, NPB = 16, with IB (1) = 5 JB(1) = 2, IB(2) = 6, JB(2) = 2,

etc. The width of the barrier is 7 horizontal grid intervals.

row 2 = . ,
Tower surface

Tower surface

row 1 '-!f*‘ t . . . . 1
column 1 column 5 column 12
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Graphical Output Data

The output of the program consists of shaded, 1ine printer graphical
displays of the streamfunction (V), density (p), vorticity (z), horizontal
velocity (u), vertical velocity (w), or Richardson number (Ri) at any time
step specified by the user. The shading consists of alternating clear areas
and printed areas. To emphasize aspects of the flow, the user may output
any segment of the entire grid, vary the vertical scale of the printout, or

vary the resolution of the shading.

Grid Plot Card: 1S,d3S,IN,JN,NJSMI

(format: 514)

IS First grid point in the x-direction to be plotted.

Js First grid point in the z-direction to be plotted.

IN Number of grid points in the x-direction to be plotted.

JN Number of grid points in the z-direction to be plotted.
NJSM1 Number of Tines of print between two vertical grid points.

Shading Level Card:  NPSILV,NRHOLV,NZTALV,NULV,NWLV,NRILV

(format: 6I4)

NPSILV Maximum number of levels of shading on ¢ graphs.
NRHOLV Maximum number of levels of shading on o graphs.
NZTALV Maximum number of levels of shading on z graphs.
NULV Maximum number of levels of shading on u graphs.
NWLV Maximum number of levels of shading on w graphs.
NRILV Maximum number of Tevels of shading on Ri graphs.
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Y Plot Card:

IPSIGR

p Plot Card:

IRHOGR

z Plot Card:

IZTAGR

u Plot Card:

TUGR

w Plot Card:

IWGR

Ri Plot Card:

IRIGR

IPSIGR(I) (1<20)
(format: 20I4)

Sequence of time steps

IRHOGR(I) (I<20)

(format: 2014)
Sequence of time steps

IZTAGR(I) (I<20)

(format: 2014)
Sequence of time steps
TUGR(T) (I<20)
(format: 2014)
Sequence of time steps

IWGR(I) (I<20)
(format: 2014)

Sequence of time steps

IRIGR(I) (I<20)
(format: 20I4)

Sequence of time steps

at

at

at

at

at

at

which ¢ is

which p is

which ¢ is

which u is

which w is

to be printed.

to

to

to

to

be

be

be

be

printed.

printed.

printed.

printed.

which 10910(Ri) is to be printed.

55



Note that all variables need not be output at the same time steps,. but that
all time steps must be in order for any one variable. If a particular
variable is not to be printed at all during a job, then a "-1" must be
punched ih coTumns 3 and 4 of the appkopriate card. Time step 0 is a

legitimate time step at which any field may be printed.

If IBT.NE.O, there are no more cards to be read beyond this point.

Wind Velocity Data
This data determines the initial values of Eo(z) and z°(z}.

Wind Card: ICASE

(format: 14)
ICASE Wind velocity profile indicator.

If ICASE = 1, this is a sounding data case, and temperature and pressure

data are to be read in addition to wind data.

Sounding Cards: U(J),T(J),P(d) for J =1,...,NJ

(format: 1P3D10.2)

u{g) Horizontal wind at row J (in knots)
T(J) Temperature at row J (in °c).
P(J) Pressure at row J (in mb).

If ICASE = 1, there are no more cards to be read beyond this point.

If ICASE = 2, this is a constant velocity profile case.
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If ICASE = 3,
If ICASE = 4,
If ICASE = 5,

Velocity Card: Ul

(format: 1PD10.2)

Ul Horizontal've1ocity at all Tevels (in m/sec).

Then, U(J) = Ul for J = 1,...,NJd.
this is a constant shear profile case.

Velocity and Shear Card: U1,C

(format: 1P2D10.2)

U1 Horizontal velocity at row 1 (in m/sec).
c Vertical shear (in sec']).

Then, U(J) = UT + C * DELTAZ * (J - L) for J = 1,...,Nd.
this is an exponential profile case.

Velocity and Shear Card: u1,uz,c

(format: 1P3D10.2)

Ul Constant velocity to be added to the profile at all
levels (in m/sec).
u2 Base horizontal velocity (in m/sec).

c Vertical shear divided by U2 (in m™')
Then, U{(J) = U1 + U2 * EXP(C*DELTAZ*(J-L)) for J = 1,...,Nd.
this is a hyperbolic tangential profile case.

Velocity Card: UT,U2,LI,MDZ
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If ICASE = 6,

(format: 1P2D10.2,214)

Ul Horizontal velocity to be added to the profile at

all levels (in m/sec).

yz Base horizontal velocity (in m/sec).

LI Row number at which the profile has its inflection
point.

MDZ Number of rows away from the inflection point at

which Ul is deflected by the amount U2. The sign

of MDZ determines the sign of (U(NJ)-U(1)).
Then, U(J) = Ul + U2 * DTANH((U-LI)/MDZ) for J = 1,...,NJ.

this is a case, other than a sounding data case, for which

the velocity is to be specified at each row.

Velocity Card(s): U(J) for J =1,...,NJ

(format: 1P8D10.2)
u(a) Horizontal velocity at row J (in m/sec).

Stability Data

This data determines the initial values of p°(z).

Stability Card: JCASE

(format: 1I4)

JCASE = Stability profile indicator.
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IF JCASE =1,

If JCASE = 2,

If JCASE = 3,

this is a constant lapse rate case.

Lapse Rate Card: GAMMA, TO

(format: 1pP2D10.2)

GAMMA Lapse rate (in 0C/m).

T0 Reference temperature (in oC)

Then, S(J) = (DALR - GAMMA) / TO for J = 1,...,NJ,

where DALR = dry adiabatic lapse rate.
this is a constant Brunt-Vaisala frequency case.

Frequency Card: BV

(format: 1PD10.2)

BV Brunt-Vaisala frequency (in sec_]).

Then, S(J) =BV ** 2 / G for J =1,...,NJ; where G =

acceleration of gravity.

this is a constant Richardson number case.

Ri Card: RI

(format: 1PD10.2)

RI Richardson number.

Then, S(1) = R * (U(1) - U(0)) ** 2, where
R = RI / (G * DELTAZ ** 2),
S(J) =R * (U(J+1) - U(J-1)) ** 2 / &
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for J
S(NJ)

2, ...,NJ-1, and
R * (U(NJ) - U(NJ-1)) **2,



Bssaien,
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Summary of input card data

XX+XX X+ Y = N 0lad1
XXXX =
PLaL} ut uw_p_pmzh-psm_g m_ e1ep [[®

(z'owadl) (z'oladl) (z'oladl)  (¥1) {v1)  (vI) (¢1) (v1)  (¥I)
INTREL Z¥113¢ x<k4mc IAYST 191 m&z IN CN IN
o "% _ o] 6 b
H qH Tv1) qmq €N
1939 (2)ar 3 (L)ae ¢ (1)dl
__ o'
(v1) H qu (vI)  (tI)
_xqu_ _ sp SI /
©_0|
{(v1) {(v1) H¢H §2 (v1) (¢1)
ATIMN ) ATMNG ATON >4<FNZ ATOHYN ¢ ATISAN

G O O 0 0

e v

(1) (¥1

"33 [(Z)¥9ISdIf 1)¥91Sd]
() )

)

Aedde y9QHH]

Aeade y9yi71

Aedae yont

Aedde Y9N

Aedde Y911

3SYIr Aq padinbas eyep

(v1)
_mm<uH -
@ =
3SYJ1 AQ paJinbsa ejep y z
-
(1) N 2
_ EN Ay -
0 5
1]
4+
1%

velocity
data

.NE.T)

|

data
(if ICASE

\

J

J\

space/time data

barrier data

graphical output data

if IBT = 0
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FLOW OUTLINE OF THE PROGRAM

A. read, write space and time data

MT = IBT

IET. = IBT + NT
IB25 = 0

AT = AT * 2

B. read, write barrier data

C. read, write graphical output data

no

4

If IBT=0

yes A 4

D. read, write wind velocity data, and calculate uO

E. calculate EO

F. read, write stability data, and calculate s°

K. read ¥, p, T,
o read ¥, p, ¢

G. calculate p 50’ (Ek)o’ B,
define a, ) ) ITYPE, ay» and
H. solve ¥ Y=gy for each vertical level k-?nothe C,  +1 from tape
surface of the barrier, and calculate (wk) ’ or disk
I. calculate B
calculate Fourier coefficients ¢
o n,Nz+1 \
J. initialize wo, po, and ¢
C
Z pa
£ <
4
yes
If 1B25=1 >

no

L. calculate graphical output for time step MT

0]




s I

@) { ol
M' write lli, ps C,
0%, (9,)°,8,1TYPE,
If MT = IET
a4» and cn,N +1
onto tape or disk
v
v
2
STOP
£ MOD(MT,25) N\ "0 | N. (01d p)=p, (01d ¢)=¢
-NE.O AT = AT / 4
vyes
< <
2
0. calculate J(z,y),3(p,p), (new ), {new p)
A
Y3 ho
If MOD(MT,25) AT = AT * 2
=0
v
no yes
' 1B25 = 1
P. (old ¢) =z, (0ld p) = p 1825 = 0 oo
f r | 4
\ . ] :
‘V
Q. z = (new z), o = (new p)
R, calculate new y
MT = MT + 1
Yy
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LIST OF VARIABLES IN THE PROGRAM

For reference, the variables are briefly described in alphabetical

order, with array dimensions, and symbolic references, if any.

A(NI,NJ)
AD(NI)

AJZP

AK(NI)

ARGI

AS(NJ)

Al through A9

BETA(NPB,NPB)
BLANK4

BV

B1 through B8

C

Cbz
CFAC
CKTMPS
CRI

DALR
DELTAT
DELTAX
DELTAZ
DMGDTO
DRHO
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Variables in the Main Routine

Temporary array for storage of fields to be plotted.

Diagonal elements of the matrix used to relax Vzw =z
for x. (ad)

Jacobian for ¢ and ¥, J(Z,p)

Coefficients used to calculate vertical velocity from y.

Argument used for sinuscidal functions in AD and AK.

Diagonal elements of the spline matrix. (ad)

Temporary storage for values of i at selected grid points.

Coefficients used to calculate o, (B)

4 blank print symbols.

Brunt-Vaisala frequency, (N)

Temporary terms for the calculation of Jacobian terms,

Shear in horizontal velocity. (c)

C divided by DELTAZ,

Cofactor sign divided by the determinant of the a matrix.
Conversion factor from knots to meters/sec.

Constant Richardson number.

Dry adiabatic lapse rate. (yd)

Time step interval, {At)

Grid interval in the horizontal direction. (Ax)
Grid interval in the vertical direction. (Az)
(DALR - GAMMA) / STMP.

Density differential in the horizontal,



e oy

DXM2
DXSQ
DZD2
DZD6
DZM2
DZSQ
DZ2DX2

FAC

FACM2
FACM4
FACM43
FTI(NI,NJ)
FTR(NI,NJ)
F1(NI)
F2(NI)

GAMMA

I
IB(NPBP?2)
IBT
IB25
ICASE
IDUM(8)
IE

1EB

IET

IEW
IEXP2

IL

DELTAX multiplied by 2,
DELTAX squared,

DELTAZ divided by 2.
DELTAZ multiplied by 6.
DELTAZ multiplied by 2.
DELTAZ squared,

DZSQ divided by DXSQ.

-1 / (12 * DELTAX * DELTAZ)

FAC multiplied by 2.

FAC multiplied by 4,

FAC multiplied by 4/3.

Imaginary part of the Fourier transform of vy, (Im(Cn
Real part of the Fourier transform of v, (Re(cn,q))
Utility array used by subrouting CALCW.

Utility array used by subroutine CALCW.

Acceleration of gravity. (g)
Lapse rate, (y)

An index,

Column numbers of points on the barrier,

Number of the first time step.

Indicator of an even multiple of 25 time steps,

Wind velocity profile indicator.

Filler array for tape or disk read/write,

Number of the Tast column to be plotted,

Rightmost column number on the barrier,

Number of the last time step.

Number of the last column at which w is calculated.

Power of two of the number of unique horizontal grid
points, Nx.

Number of print symbols to be plotted in a line of graphic

output,
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IN

INM1
IPSIGR(20)
IRHOGR(20)
IRIGR(20)
IS

ISAVE

ISB

ISW
ITYPE(NI,NJ)
IUGR(20)
IWB
IWGR(20)
IZTAGR(20)

J
JB(NPBP2)
JCASE

JE

JMAX
JMAXMI

N

JS

KM2

L
LI

LINET4(33)
LINE24(33)
LINE3(132,NJSM1)
LINE34(33,NJSMT)
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Number of columns to be plotted.

IN minus 1.

Time step numbers at which ¢ is plotted.

Time step numbers at which p is plotted.

Time step numbers at which 1og1o(Ri) is plotted.
Number of the first column to be plotted.

Tape save parameter.

Leftmost column number on the barrier.

Number of the first column at which w is calculated,
Grid point type.

Time step numbers at which u is plotted.
Horizontal grid point width of the barrier.
Time step numbers at which w is plotted.
Time step numbers at which z is plotted.

An index

Row numbers of points on the barrier.
Stability profile indicator,

Number of the highest row to be plotted.
Highest row number on the barrier,

JMAX minus 1.

Number of rows to be plotted,

Number of the lowest row to be plotted,

An index
K minus 2.

An index.

Row number at which the hyperbolic tangential profile

has its inflection point.
Part of annotation on graph of field.

Line of print symbols associated with a level of the grid,

Logical symbol equivalent of LINE34,

Lines of print symbols between two levels of the grid,



iy |
ST,

LINE48(14)
LINE58(14)
LINE68(14)

M
MDZ

MT

N

NAME(2,6)
NEWRHO(NI,NJ)
NEWZTA(NI,NJ)
NI

NIMI
NIM2
NIPA

NIS

NISMI
NJ

NJIMI
NJIM2
NJSM1
NPB
NPBM1
NPBP1
NPBP2
NPSIGR
NPSILV
NRHOGR

Part of annotation on shading value scale.
Part of annotation on shading value scale,
Part of annotation on shading value scale.

An index.

Number of rows away from the inflection point at which
Ul is deflected by the amount UZ2.

Time step number,

An index.

Titles of quantities on graphical output.

Temporary array for newly calculated density.

Temporary array for newly calculated vorticity.

Number of grid points in the horizontal direction, or
number of columns.

NI minus 1.

Number of unique columns = NI minus 2.

Number of unique columns, plus the horizontal grid point

width of the barrier.

Number of print symbols from one horizontal grid point
to the next.

NIS minus 1.

Number of grid points in the vertical direction, or
number of rows,

NJ minus 1.

NJ minus 2. (NZ)

Number of print lines between two vertical grid points.

Number of grid points on the surface of the barrier
NPB minus 1,

NPB plus 1,

NPB plus 2.

Next time step number at which ¥ is to be plotted.
Maximum number of levels of shading for ¥ graphs.
Next time step number at which p is plotted.
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NRHOLV
NRILV
NT
NUGR
NULV
NWGR
NWLV
NZTAGR
NZTALV

OLDRHO(NI,NJ)
OLDZTA(NI,NJ)

P
PIMZ2
PSI(NI,NJ)
PSTAUX(NIPA,
NJIM2 , JMAXM1 )
PSIBFT(NIM2,2)
PSIM(NPB,NPB)
PSIO(NJ)

RDCP
RHO(NI,NJ)
RHOO(NJ)
RI(NI,NJ)
RIDZSG

S(NJ)
SBY
SPR
SPSI
SRHO
SRTP
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Maximum number of levels of shading for p graphs.
Maximum number of levels of shading for 1og]O(Ri) graphs.
Number of time steps.

Next time step number of which u is to be plotted.
Maximum number of levels of shading for u graphs.

Next time step number at which w is to be plotted,
Maximum number of levels of shading for w graphs,

Next time step number at which ¢ is to be plotted.
Maximum number of levels of shading for ¢ graphs.

Density from the previous timestep. (old p)
Vorticity from the previous timestep. (old t)

Pressure. (p)

m multiplied by 2.

Streamfunction. (y)

The solution to Vzwk = Ty for each vertical level on the
surface of the varrier. ((9,).)

Fourier transform of the upper boundary of ¥, (cn(NZ+1))

Barrier influence coefficient matrix. (a)

Initial unperturbed streamfunction. (¥°(z))

R/cp = 2/7

Density. (p)

Initial unperturbed density, (p°(2))
Richardson number, (Ri)

CRI / (DELTAZ ** 2 * @),

Initial stability. (5°(z))

Stability in the constant Brunt-Vaisala frequency case.
Pressure at the Tower boundary. (pc)

Streamfunction on the lower boundary. (wc)

Density on the lower boundary, (pc)

SRHO * STMP / SPR ** RDCP,




STMP Temperature at the Tower boundary. (Tc)

SYmM(s3) . Symbols used in printout of fields.

T Temperature. (T)

TM(NPB,NPB) Temporary array formed from PSIM.

T0 Base temperature for constant lapse rate atmosphere. (To)

U(NI,NJ) Horizontal velocity. (u)

UAT{NJ) through Utility arrays used by subroutines FA, CALCRI, and CALCU.
UA4 (NJ)

UA5(NJ) Utility array used by subroutines FA and CALCRI.

UAB(NJ) Utility array used by subroutine CALCRI.

UO(NJ) Initial horizontal velocity. (u®(2))

Ul Horizontal velocity to be added to u at all levels. (u1)

uz Base horizontal velocity for profiles. (u2)

W(NI,NJ) Vertical velocity. (w)

ZETA(NI,NJ) Vorticity. (z)

Variables Used Uniquely in Subroutine CALCRI

AD(NJ) Diagonal elements of the spline matrix. (ad)

B(NJ) Elements of the b matrix. (b)

D(NJ) Backward-difference derivatives of ¥ or p with respect
to z. (d)

DB Term which incorporates vorticity into bottom boundary
condition. (a'Az/2)

0T Term which incorporates vorticity into top boundary
condition. (b'Az/2)

DPSI1 Temporary storage variable for first derivative of .

DPSIZ Temporary storage variable for first derivative of V.

DRHO(NJ) First derivative of p in the vertical. (98p/3z)

D2PSI(NJ) Second derivative of ¢ in the vertical. (BZW/azz)
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uL

UP(NJ)
Z(NJ)

AD(NJ)
B(NJ)
D(NJ)
uL

FT1(NIM2)
FTR(NIM2)
T

BI(NJ)
BR(NJ)
UL

UP(NJ)

ZI(NJ)

ZR(NJ)
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Temporary storage variable for the Richardson number.

Temporary variable used in inverting the spline matrix.
(u,)

Temporary array used in inverting the spline matrix. (up)

Temporary array used in inverting the spline matrix. (f)

Variables Used Uniquely in Subroutine CALCU

Diagonal elements of the spline matrix. (ad)

Elements of the b matrix. (b)

Backward-difference derivative of ¥ with respect to z. (d)

Temporary variable used in inverting the spline matrix.
(u,)

Temporary array used in inverting the spline matrix. (f)

Variables Used Uniquely in Subroutine CALCW

Imaginary part of the Fourier transform of y. (Im(c (2)))
Real part of the Fourier transform of . (Re(c (z)))
Temporary variable used to store Fourier coefficients.

Variables Used Uniquely in Subroutine FA

Imaginary part of the elements of the b matrix. (Im(b))

Real part of the elements of the b matrix. (Re(b))

Temporary variable used in inversion of the relaxation
matrix. (u2 )

Temporary array used in inversion of the relaxation
matrix. (up)

Imaginary part of the temporary array used in inversion
of the relaxation matrix (Im(f))

Real part of the temporary array used in inversion of the
relaxation matrix. (Re(f))



]

Variables Used Uniquely in Subroutine FAST

Except for the addition of the calling parameter INV, this subroutine
is the fast Fourier transform subroutine from the UCLA BMD Tlibrary. The

calling parameters are:

INV +1, the Fourier transform is calculated.
-1, the inverse Fourier transform is calculated

M Power of two of N.

N Dimension of the complex array (X,Y).

X(N) Real part of the array to be transformed, and also the
real part of the transform.

Y(N) Imaginary part of the array to be transformed, and also
the imaginary part of the transform.

Variables Used Uniquely in Subroutine GE

D Ratio of the element beneath the pivotal element to the
pivotal element.

IP1 Lowest row number for which an element beneath the pivotal
element is to be zeroed out.

N1 Dimensions of the array X.

N2 Dimensions of the square matrix for which the determinant
is calculated.

N2ZM1 N2 minus 1.

T Temporary variable for the exchange of column elements.

X{N1,N1) Array from which the matrix is selected for calculation
of the determinant.

XMAX Largest element in a row of the matrix.

Y Temporary variable for the storage of XMAX.
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Variables Used Uniquely in Subroutine GRAFIC

D Temporary value increment between levels of shading.

DIFI Difference in value from one print character in a line
to the next.

DIFJ Number of Tevels of shading from one vertical grid point
to the next.

DL L0G10(D).

Dy Number of print lines from one vertical grid point to the
next multiplied by XINC.

E Largest absolute value to be plotted.

EL LOGIO(E).

IDL LOGIO(XINC).

IEL Base part of the values of the lines separating levels
of shading.

IMAX Number of levels of shading between zero and XMAX.

IMIN Number of levels of shading between zero and XMIN.

LINE2(132) Logical symbol equivalent of LINE24.

NEW(132) Minimum-adjusted value at each print character in the
Tine corresponding to the present vertical grid point.

NQ Number corresponding to variable to be plotted.

oLD(132) Minimum-adjusted value at each print character in the

line corresponding to the previous vertical grid

point.

SIGPRT Significant part of XINC.

TEMP Temporary variable for storage of the symbol index.

VINC Increment between the values of V1 and V2.

V1(13) Significant part of the values of the lines separating
levels of shading.

v2(13) Significant part of the values of the lines separating
levels of shading.

X(NI,NJ) Array to be plotted.

XINC Value increment between levels of shading.
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XMAX Maximum value in the field; also, maximum value to be

plotted.

XMIN Minimum value in the field; also, minimum value to be
plotted.

Y Temporary storage variable for X array elements.

Variables Used Uniquely in Subroutine GRAFIN

BLANK 1 blank symbol.

BLANK4 4 blank symbols.

BLANKS 8 blank symbols.

DASH Symbol used in annotation of shading value scale.

DOT Symbol used in annotation of graph.

LINE1(132) Logical symbol equivalent of LINE14.

LINE2(132) Logical symbol equivalent of LINE24.

LINE4(112) Logical symbol equivalent of LINE4S.

LINE5(112) Logical symbol equivalent of LINE58.

LINE6(112) Logical symbol equivalent of LINEG6S.

NAME1(2,6) Titles of quantities on graphical output.

NAME2(2,6) Titles of quantities on graphical output.

NFB First word in LINE24 and LINE34 which is to be filled with
blank symbols.

SYM1(53) Symbols used in graph of field.

SYM2(53) Symbols used in graph of field.

Variables Used Uniquely in Subroutine PTSPEC

None.
Variables Used Uniquely in Subroutine SP
ALPHA Barrier influence coefficient. (a)
X(NI,NJ) Variable for which a superposition solution is required.

(¥ or p)
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X0
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value of the array X on the Tower boundary.
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CONSIDERATIONS IN RUNNING THE PROGRAM

The user must specify all pertinent dimensions at the beginning of the

first routine. The variables whose dimensions are subject to change are:

PSI(NI,NJ)
RHO(NI,NJ)
ZETA(NI,NJ)
OLDRHO(NI,NJ)
OLDZTA(NI,NJ)
NEWRHO(NI,NJ)
NEWZTA(NI,NJ)
U(NI,NJ)
W(NI,NJ)
RI(NI,NJ)
A(NI,NJ)

PSTAUX(NIPA,NJIMZ2, JMAXMT )

FTR(NI,NJ)
FTI(NI,NJ)
PSIBFT(NIM2, 2)
UO(NJ)

S(NJ)

RHOO(NJ)
PSIO(NJ)

where NI, NJ, NPB, NPBP2, NIM2, NJM2, NIPA, JMAXMI, and NJSMI are defined

in the previous section.

AD(NIM2)
AK{NIM2)
F1(NIM2)
F2(NIM2)
AS(NJ)
UAT(NJ)
UA2(NJ)
UA3(NJ)

UA4 (NJ)
UAS(NJ)
UAB(NJ)
BETA(NPB,NPB)
PSIM(NPB,NPB)
TM(NPB,NPB)
LINE34(33,NJsMl)
ITYPE(NI,NJ)
IB{NPBP2)
JB(NPBP?2)

LINE3(132,NJSMI)
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On the IBM 360/91, the approximate execution space is: 60 * NI * NJ +
8 * NIPA * NgMZ2 * JMAXMI + 6 * NI + 11 * NJ + 80K IBM bytes, or roughly,
8 * (JMAXMI + 8) * NI * NJ + 80K IBM bytes. Approximately 7K bytes of
additional space are required for each tape used in conjunction with the
program, for buffering purposes.

On the IBM 360/91, the approximate execution time is: .00013 * NI *
NJ * NT * (1 + .0017 * NPB ** 2) + 2 seconds. The running time is not
appreciably increased by moderate increases in the amount of graphical output.

A version of this program exists which is compatible with CDC systems.
A SAMPLE CASE

Consider the Lyra case for U, = 25 m/sec, To = 250K, and vy = 0 on a
64 x 24 grid for 80 timesteps, with Ax = Az = 625 m, At = 10 sec, and a
2500 m high by 1875 m wide rectangular barrier. Suppose that the entire
field of ¢ is to be output on a vertically exaggerated scale at time step
60, and ¢, p, T, U, W, and 1og]o(Ri) are to be output at time step 80, with
no data to be saved. The source program deck, the data card deck, and the
actual output from this case are displayed on pages 77 through 97. The esti-

mated execution space and time on the IBM 360/91 are 237K and 17 seconds.
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Listing of source program

IMPLICIY REAL*8(A-H,0-2)

T TTTREAL#8 PSI{ 66428)RHUl B6+23)sZETAL €6.24)
1 CLDRHO( 66 424) ,0LD2TA( 564248 )¢ NEWRHO{ 606¢24)
2 NEWZTA( 66424) 3F2( 64),
. 2 UL 6642805 WL 55424 ) RI(_6E +28) Al 66924)y _ .
3 PSIAUX{ 67+2258)¢ TRE 65:26)sFTI( 60240+2513FT( 6442),
4 U0(24) 4S50 24),3HD0(24),PSI0(24) sAD{ 64) sAK{ 0642 sF1( 64),
5 AS(24) sUAL (28) e JA2(24) 4 JA3(24)sUAG(24)s I A5(24)sUAG(248),
o 6 BFTA{10.,10),PSIM{10,10),TM(10,10)s __ __ _ e e
? CINCA48(1a) JLINESH(14),LINEEB{14)
REAL*4 LINEL4(33)sLINC28(33)sLINE3A(33,2)NAYE(2+0)
LANK 4
lNTEGERtO IPSIGR{20), IRHOGR(20)s TZTAGR{20 )+ 1J6I( 200 s IMGR(20) o
- TARIGRI20)TITYPET "65:28).18{12),J3(12),10IM{8) i
LDGICALtl LINE3(132,2)sSYM(53)
EQUIVALENCE (LINE3(1)oLINE3QG(1))s (NERZTAL 1) o (1)ewl1)oRIC1)),
I (PSICL1)sTRIL1)D) o (NEWRHO(L ) oFT (L) g ACL ) _ _
COMMONZ CI70EL TAX e« DXM2 W DELTALs DZM2 e DZSQ +DZD6 s e NE 41 s NIWT s TEXPS 5
[Se ISy 1Es JES ISu e IEW 4 HPBPL o JMAX, 158, LES
COMMON/C2/7LINESRLINZSBy LEINCOBsLINELG 4LINT2% 0+ NAM= ,
. | MT o INs UN, INM1o VIS NISML s ILsSYM . .
< “spechv PHYSTCAL "FACTURS
G = 9.8
CXKTMPS = 1852+ /7 3600.
SPSl = o e e
TTTTTS5RHOTE (1W25
STMP = 273,
SR = 1,0D+05
SRTP = ano * STUP / S22 &% (2e4/7) B ) _ .
TTTTTT DALRTETO.,76D-03
RDCP = 24 /7 7.

_Ae. READ, WRITE SPACE_AND TIME DATA

G0N

READ (5+1001) NIGNJIyNToND3oIBT I SAVE DELTAXsDELTAZ,IE_TAT
1031 FORMAT(614+1P3D19.2)
WRITE(6,2001) N!.hJ-NI-NPB.IBTolSAVE.DELTAx.JLLTAL.Q:LTAT o
2031 SORMAT(1H1, *SUMMARY J5 IN2JT DATA FOR NON-iT-RATIVIs SOLID %
1 *HARRIER PRUGRAM®////% NI =',16e%, NJ =%,14s%, NT =¢,14,
2 e N23 =¢,144%, BT =%,14,%, ISAVE =*,14,%, OX =%,
.3 19D010.2,%y  DZ =", 1PD10s2s% DT =9,12D10.2) . . ___ ___ . _
: CALCULATE QUANTITIES WHICH DEPEND ON SPACE AND I I4Z DATA
NIMI = NI - 1
NIM2 = NT - 2
S ___CALCULATE_PUWER OF TWwU OF NUMBER GF UNIQJE HJURIZINIA_ GRID POINTS
; TTIEXP2 =1
I = NIM2
51 =1 2/ 2
___IF(1.EQa1) GO _TO 10 __ e .
TEXP2 = [EXP2 % 1
GO 10 5
10 NJML = NJ - 1
NJMZ2 = NJ - 2
MT = 1BT
IET = IBT + NT
... 1B25 =_0_ e S —
NP3M1 = NPB - 1
N23PL = NPB + 1
NPBP2 = NPB + 2
.. DX42 = DELTAX. %_2. R —
DXSQ = DELTAX *®% 2
DZM2 = DELTAZ & 2.
DZD2 = DELTAZ / 2a
. DZSQ = DELTAZ *%. 2 __ _ _ _ e
DZD6 = DELTAZ 7/ 6.

2Z2DX2 = 2+ %* 2ZSQ / JXS2

FAC = —1e /7 (12¢ % DELTAX ¥* DELTAZ)
-~ -...FACM2 =_FAC * 2. — e e e e mm——— -
FACM4 = FAC x a,
FACMa3 = FACY“a 7 3,
DELTAT = DELTATY * 2,
Lo e e
c e READ, WRITE BARRIER DATA
- READ(S,1002) (lli(l)-JB(I)-l =2 NP3P1)
1022 FORMAT{2014) __ .. . _ _ — U, -
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WRITE(642002) {(13(1)sJB(1)1=2,NPBP}])
2002 FORMAT(1HO,*COQRIINATZES OF EARRIER =% ¢ 10(2Xe* (" -lZ- »*el24%)%))
c CALCULATE QUANTITIES wHICH DEPEND ON BARRIER DA
— . IwB = _IB(NPEP1)_~—_1B(2) _ _
NIPA = NIM2 + 1IwB
c CALCULATE TYPE OF FACH GRID PCINT

CALL PYSPEC{ITYPE «IBeJ3eNIeNJ,NPBP2)
e WJMAXML = _JMAX =~ 1
NOUM = 2 HOD(NJ‘((ﬂl‘?'/z*l)*NlM2‘35NlPA¥NJN2UJHAXNI*NPB*‘204)
00 15 I = L«NDUM
15 IDUM(I) = O

£ Ce READ, WRITE GRAPHICAL DUTPUT DATA
c

READ{S5+1003) ISeJSeINsININJISMLINPSILV yNRHOLV NZTALVeNJLY NWLY
—_. 1 _NRILY,IPS1GR IRHUGRsIZTAGRsIUGRs IwwRsiRIGR
1003 FORMAT(SU4/614.6( 72014))

WRITE(6+2003) ISeJSeINyINJNISMLGNPSILVNIHILVeNZTA_VeNULV NWLV,
NR[LanPSlhR-IRHDGRQKZTAGR-lUGQ.lﬂuR‘lQlGR
_2023 FORMAT{1HD 1S =%2J8,% _JS =%3J44%s. _IN =%,145%4 _JX ="o18a .

1 e NJSMI —'.14 /7% NPSILV —'-lQn'o NRHILY ='s1a,
2 e NIZITALYV =¢,148,°, NULV =*,14,°*, NaALV =9 ,06,
3 T NRILV -'-l‘// IPSIGR "-20[4//' Ik aR =* ,2014/7/
—_ A 2_1Z2TASR 4201A/L__JUuR_-_~J4201lllal_Jlga.___£4201¢Ilr__
S ®* JRIGR = ",2014)
= CALCULATE QUANTITIES wHICH DEPEND ON GRAPHICAL DAaTa
NPSIGR = 1
———__NRHOGR_=_13 e
NZTAGR = 1
NUGR = 1}
NWGR = 1

JE = JS & JN -1
CALCULATE HORIZONTAL EXTENT OF GRID POINTS AT whlC+4 & IS TO BE

c
[« CALCULATED
ISW = 1S
IF{IS«EQel) ISW = 2
- IEW = 1E_
IFCIE«EQeNI) [EW = NIM1Q
INM1 = IN = 1
c SET UP ANNOTATION FOR GRAPHICAL OUTPUT
e __CALL GRAFINI(L INC34,LINE3,NJISM]) o e
IF(1IB8T.RE-0Q0) GO TO 230
c
C De READ WIND VELOCITY DATA, AND CALCJLATE VO
[ .

READI{S5+1004) ICASE
1004 FORMAT(I14)
60 T3 (60,70+,80,90,1004+110) +ICASE

L. _SOUNDING _CASE_(CALCU.ATE RH(CO [N _ADDIYION _TJ_U3) . . S
60 WRITE(6+2008)
2004 FORMAT(1HOs*SOUNDING DATA CASE'//6X+°U511Xe?'T?,11X,°2%7)
DU 65 J = 1,NJ
_RLCAD(S,1005) _Y0(J),sT.P
1005 FORMAT(1P3D10.2)
#RITE(6+2005) UO(J)eToP
2005 FORMAT(1X,1PD10+2+,1P2D1242)
_JO(J) = U0LJ) _* CKIMPS . [,
T =7 ¢« 273,
P = P ¥ 1,0D¢02
65 RHDO(J) = SRTP % P ¢ (2/7e) 7 T
e ___ GO YO _ 120
ot CUNSTANT VELOCITY CASE
70 READ(S5,1006) Ut
1006 FORMAT(1PD10.2)
. _ .. MWMRITE(6+2006 e e
2006 FORMAT(1HO."CONSTANT VELJOCITY CASEs, Ul =*,130102)
DO 75 4 = 1+NJ
75 JOo(J) = Ul
.. GO T3 120 P,
C CONSTANT SHEAR CASE

80 READ(5,1007) uU1l,C

07 FURMAT(IP20D10.2)

_ . YRITE(6G52007) U1,C_ . e e e — . .-

07 FORMAT(1HO, *CUNSTANT SHEAR CASE, Ul =%,31PJ210e2s°%, C =*,1PD10.2//
6X4,t'U /)

CDZ = C % DELTAZ

+ CYZ * (J - 1)

=]




c EXPONENTIAL PROFILE CASE

,5‘5'__.1_}_"_5'_ 24P2210s22% U2 =0ty

-
c

1

HYPERBOLIC TANGENTIAL PROFILE CASE
100 RELAD(S,1008) ULU2.LI M2
1003 FORMAT(1IP2D1042+214)
WRITE(642010) Ul eU24LT4MD2Z
~ 2010 _FORMATL1HO, *HYPERBOLIL JANGENTIAL _PROFILE CASEs._ Ul _=2.129010a2.
1 ®y U2 =%,1PD10e2s%, LI =%s144s°%, MJZ ='sl4/70Xe%U% /)

DD 105 9 = 1.NJ
UO(J) = Ul ¢ U2 * DTANH(IFLOATI(J=LII/MDZ))

105 WRITE(652008) U0(4) ————
G0 10 120

c OTHER VELOCITY CASE

110 WRITE(6,2011)

2011 FORMAT(IHO*SPECIFIF) VEIDCIYY CASE*//6Xa"Ut/)

READ(S,1009) (UO(J)ed=1sNJ)

1009 -DRWAT(IPBD!O-Z)
00 115 J = 1l
__JJS_jRJTElbgzonﬂl_unlJl

g E. CALCULATE PSIO
._120 PSIO(1)} = Q. _
DO 125 J = 2, NJ
125 PSIO(J) = PSIO(J~1) -~ DZD2 & (UO(J—1) + UO(JI))
IF(ICASE.EQel ) GO YO 170
< Fe READ, WRITE STABILITY DATA, AND CALCULATE STA3I_{TY
READ(5,1004) JCASE
- _60 . T0 _{130,1402150) 4 JCASE —_
[ CONSTANT LAPSE RATE CASE
130 READ(5,1007) GAMMA,TO
WRITE(6+2012) GAMMA,TO
_2012 FORMAT(1HO,*CCNSTANT L APST RATE CASE, GAMMA =®,1PJ013s2+%_ TO_ =%,
1 190104 2)
DMGDTO = (DALR — GAMMA) 7/ YO
DI 135 J = 1eNJ
135 S(J) =_DH4GDYO - _ e
G0 TU 160
z CONSTANT SRUNT-VAISALA FREQUENCY CASE
140 READ(35,1006) 8V
o .. - WRITE(6,2013)_BY e
2013 FURMAT(1HOs 'CONSTANT BRUNT-VAISALA FREQUENCY CASZe BV ='+1PD12.2)
SBY = BV %% 2 / G

DO 14S J = 1,N)
_.-145.S(J) =_S8BY

GO Ta 160
< COUNSTANT RICHARDSCN NUMBER CASE
EAD(S.IOOb) crl
22014) CRI1
1HO+ *CONSTANT RICHARDSON NUMBER CASEs RlI =%,1°D10.2)
= CRI /7 {(DZSQ2 = G)
RIDZSG * (U0(2) - UC(1)) *x 2
= 22 NJML
J RIDZSG ® (UO(J+1) - UO(J=-1)) **x 2 / 4,
NJ) = RIDZISG * (UOINJ) ~ UOINJIML1)) *¢ 2

L Ge CALCULAIE RHQOO

160 RHD0{1) = SRHO
DO 165 J = 2.NJ
165 RHOO(J) = RHCO(J-1) & DCXPL-DZI2%(S(I—1)¢S(J)))
ZE VORTICITYe ANGULAR ARGUMENTS, MATRIX J1AGINAL
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f ]

L d
MATRIX DIASONAL ELEMENTS

He SOLVE POISSON CQUATIUN wITh UNIT VGRTICITY OISTJREANCE AT EACH.
VERTICAL LEVEL FOR WAHICH THERE IS A BDINT UN THE 5JR-ACE OF THE
BARRIERs, AND STORE RESULTS INTO PSIAUX

1¢ JMAXM]

hooop

DU 190 K = T 0
ZETA(IB(NPBP]l JoK+1) =

le
CALL FA(PSI+ZETAFTRTT1.,PSIBFTeADsUALsUA2,UA3sUAG UAS sNTsNJJNIM2,
Oe

| S BJHZJ _ -
ZETA(1B{(NPBP1 )+K+1) =
DI 187 J = 1l.NJIM2
DO 145 1 = 1,NIM2

_--185 PSIAUX(1.JsK) = PSI(I,J+1)

PSTIAUXK(L+JeK)

1.
N”-K_J)_SQ 7D 183 —_—
- [8(J+1)

187 PSIAUX(NIM24L ¢ JoK} =
NPB

)

*

PSI(IB(I+1)+_odB(1+1))

IM(1ad) -

190 CONTINUE
- CALCULATE DETERMINANT OF ALPHA MATRIX
LCALL GEITM.DET.N2B.N?H,I1ACC1)

c

< le« CALCULATE BETA

C

- DD 205 1. .=_1.NP8B.__ - —

DD 205 J = 1+NPB

CFAC = (-1) *x (1+J) / D=T

c SELEgT COFACTOR MATRIX E_EMENTS

——re—e M= 0.
DO 200 K = 1sNPB
IF(1.EQ.K) GU TO 200

M+ 1

f
bz
W

= 1. NPB
) GO TO 195

PSIM(K,L)

(=24}
[=1%)]

N -
rzz~0~

CULATE DETERMINANI_OF CDFACTOR_MATRIX -
LL GE(TM,CFDOET NP3,N2B41¢[ACC2
*‘ ({IACC2-1ACC1)*50)

j

OONN=4Z=0D

i»Pp LD g TO

205 3ETA(Jel1) = CFAC % CFDET * 10e.
< CALCULATE FOURIER TRANST0OIM OF PSI ON TOP BOJNDARY
. D0 209 I = 14NIM2

T 209 PSIBFT(1+,1) = PSIO(ND)
CALL FAST(PSIBFT{141)+PSIBFT(1+2) «NIM2,IEXP2,11

e Je INITIALIZE _PSIs RHOs AND ZETA

= 14NI

= 1eNJ

=_P510(J)

ITION SOLUTION FOR PSI FOF TIME STES O

PSL +PSTAUXSITYPEsBETASIBeJBsSPSIeNLaNJIINLMUZ,NIM2,NIPA,
JMAXME JNPB,,N2BP2)
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227 IF(ITYPE(1l4J) «EQe9) ZETA(leJ) = Oe

c GO TO 235

L. __ Ke READ_PSI, RHO!_IELAL_iﬂDQA_Esl_UK:_ﬁETAJ AIX2Zs ADa AND. PSIBFT _
= FROM TAPE OR DI

c

230 READ(1) PSITsRHOWZETA,RHDOPSIAUXsHBETA 4 ITYPEADPSI3FT,
1 LDUR(TIY 4 1=t NDUV)

T 235 [F(1825.EQe1) GO TO 280
Le CALCULATE GRAPHICAL DUTPUT FOR TIME STYEP NT

b0

IF(MT oaNEe IPSIGR(NPSIGR)} GD T 240
CALL GRAFIC(PSI s AsLINE3G4+LINE3s1 e NPSILVNIsNIeNI5ML)
2SIGR = NPSIGR + 1
2800_1F(MT .NESIRHOGR{NRHOGR)) _GD _TYD _245_ _

CALL GRAFIC(RHD¢A,LINE34,LINE3+2NRHDLV NI, NJsNISML)
NRHOGR = NRHOGR + 1

245 IF{MT NF.IZTAGR(NZTAGK)) GO YG 250

CALL GRAFICAZLTASA,LINE3IS 2L INEI LI NZTALVaN]aNJaNIDNL)

NZTAGR = NZTAGR + 1
250 IF(MTNELIUGRINUGR)) GO TO 255
CALL CALCU(PSIsZETAWUIAS,UALUA2,UA3UASsNINJ)
CALL GRAFIC{U oA L INE3GsLINE3e4NULVaNIJNIoNISML)
NUGR = NUGR + 1
255 LF{MT NESIWGR (NWGR)) GC TO 260
—_— CALL CALCW(PSIswaFl F2sAKsMNIaNSaNI

M2)
CALL GRAFICIW sAsLINE3GeLINE3sSsNRLVINI JNIsNISML)
NWGR = NwGR + 1
260 IFIMT.NFLIRIGR(NRIGR)) GO TO 265
LCALL CALCRI(PSUWRHOIZETASRISASIVALTZUAD ,UAD, JAR »JADS»UADWNT yNJ)

CALL GRAFIC(RIsAsLINE3AsL INE346sNRILVeNIsNI, vJSH1)
NRIGR = NRIGR + 1
265 IF(MT . TIET) GO TO 270
e ——— - -
- Me WRITE PSI, RHJs ZETAs» RHGO» PSIAUXs BETA, ITYPEs ADe AND PSIBFT
c ONTO TAPE OR DISK
c

_______ lﬁilSAVE-EQ‘lJ_jRIIELZJ OSIsRHIsZETASRFEQO0sPS5IAJKsBITASITYPE S ADS

PSIBFT(IDUM{I) el =14NDUW)
STDP
270 IF(MOD(MT25) «NE.D) GU TD 280

__ _DELTAY = DELYAT / 4. R [

Ne SET OLDRHO = RHQs ULDZTA = ZETA

noo

. D275 1 _= 2., NIy — —— P,
DO 275 J = 1+NJ
CLDORHO(I+J) = RHO(I.J)
275 GLDZTA(I,J) = ZETA(1l,J)

T 0. CALCULATE JACORIANS J(ZETA.PSI), J(RHD.P51)

80 DD 345 ] = 2, NIMl
__.DJ 340 J 1 NJ

K = lTVPE(l-J’
NEWRHO FOR PJOINY TYPES 1 THROUGH 9

NEWRHO(1leJ) = OLORHO{I+J)
_____ . IF{KeNELO) GO TN _285__ _
< JACUOBIANS FOR POINT TYPE O
Al = PSI(I-1.J¢%1)
A2 = PSI{l,J+1)
e A3 = PSI(It1,J%1) _— -
A4 PSI{I=-1,4)
A6 PSI(I¢1.J)
A7 PSI{I-1,J-1)
. ___.AB = PSI(1,J-=1) -
A9 PSI{(i+1,J-1)
Bl = A8 + A9 - A2 - A3
B2 = -~ A7 - AS + Al + A2
.. B3 . =_A6_+_ A3 = A4 - Al _ - . S
84 = — A9 ~ A6 + 7 + Aa
85 = A6 -~ A2
86 = - A8 + A4
. BT = A2 = A4 —_ P,
88 = - A6 + A3
AJZP = FAC & (31 * ZETA(I+1,0) + B2 % ZETA(l-14J) + 33 %
1 ZETA(I +J+1) #+ 34 & ZETA(I,J=-1) + N5 ¥ Jz-TA(l¢tlsJetl) + B6 *
i 2 . ZETA(I=19d=1) ¢ B7 % ZETAC(I-leJ+1) ¢+ 38 ® LZTA(I+1,J=30)
DRHO = (RHO(I+1,J) = RHOD(I=-1,J)) / 2
c CALCULATYE NEWRHO FOR PJINT TYPE O
NEWRHO(I »J) = FAC * (Bl * RHO(I*1,3) + B2 % IrJd(l-1sJ) + A3 *

81



1 RH3(JeJ+1) ¢ B4 * RHO(IeJ-1) & B5 & RAJ(I+1,0+1) +
2 B6 * RHC(I-12J-1) + B7 ® RHD(I-1+J%1) + BB ¢
3 RHO(1¢1sJ-1)) * DELTAT + CLDRHD(1eJ)
——..60..30 _335 ——————
JACOJIAN FOR POINTY TYPE 1
28S IF(KeNEs1) GO TO 290
AS = PSI(1.J)
.= PSI{I=1sd=1) —_— e
AB = PSI(1l.J-1)

AQ PSI(I¢1,J-1)

AJZP = FACM2 * ([ZETA(I+1+J) & (AB & A9 — 2, % A5) + ZETA(I-1,J) *
—— Y — = AT = A3 # .2+ % AS5) + ZFEYA (I aJd-1) ® [~ A9 _¢+ AT) +____. __ . ..

2 (ZETA(I—1leJ=-1) — ZETA(L+1.4J~-1)) * (- AB + A3))

ORHO = 0.

GO TOo 235

L . JACGDIAN.FOR.POINTY JYPE 2 - e
290 1IF(K.NE.2) GO TO 295
Al = PSI{1~1,J+%1)

A2 = PSI(1,J¢1)
e A3 _=_PSI{1%1,3%1) [
AJZP = FACM2Z * (ZETA(I#1+J) % (- A2 ~ A3) & ZETA(I-1+sJ) »
1 (Al ¢+ A2) + ZETA(LsJ+1) * (A3 =~ Al) + A2 & (ZZTA(I-1eJ+1) -~
ETA(L ¢1,J0¢1)))
_DRHO = 0Oa —_—
GO0 TO 335

295 KM2 = K - 2
GO TO (300+305+310+315432063259330)+KM2
T . _.JACOBIAN FOR_POINY JYPE 3 ———

300 A1l = PSI(I=1sJ+1)
A4 = PSI(I-1,J)
A7 = PSI(I-1+,J-1)
e~ . AJZP = FACM2 * (ZFTALI=1sJ) % (= AZ 4+ Al) _¢ 2ETAll,Jd¢+1) & __  _ __
1 (— A4 = A1) ¢ ZETA(I,J-1) % (A7 + A4) ¢ A4 ¥
2 (ZETA(I-1,J=-1) = ZETA(I-14J¢1)))
DRHC = FHO(Il+J) — RHG(I-1.+J)
. ..GD T0_235 ——— e —
o JACOB IAN FOR POINT TYJ3E &
305 A3 = PSI(I#1,J+1)
A6 = PSI(I®#1,J)
e — _A9 = _PSIf(l¢t1s.4-11) U U
AJZP = FACMZ * {ZETA(I+1.J) * (A9 — A3) # ZETAlLI,J+1) % (A6 + A3)
1 + ZETA(L,+J-1) * (= A9 = A6) + AL ¥ (ZZTA(ltled¢l) -

2 ZETA(TI¢1,49-1)))
——__- DRHO = RHO{I14+1s3) ~— RHOLI+J) ———
GO0 TO 335
JACORIAN FOUR POINY TYPE S
310 AJZP = FACM4 = PSI(I-1sJ+1) * (ZETA(I~1+0) - ZETA(lsdt+1))
- - ——.JRHO .= _Das - G- e ——
GO TaQ 335
< JACOJIAN FOR POINT TYPE 6
315 AJZP = FACM4G ¥ PST(1+1:J¢1) % (ZETA(I s J#1) = ZZTALl+1,3))
—e—. .DRHO_= 04 —_——
G0 YO 335
JACOSBIAN FOR POINT TYPE 7
320 Al PSI(I—143¢1)
v A2 = . PS1{1asdt1) — —
= PSI(I+1,J41)
A4 = PSI(I-1.J)

AT PSI(I-1,J-1)
AJZP = FACM43 % (ZETA(I+1+J) & (- A2 ~ A3) ¢ .cTAlL~1,J) %
1 (- A7 + AL + A2) + 2ETA(I,J+1) * (A3 - As - Al) +
2 ZETALL.J-1) & (A7 + A4) + A2 & (2ETA(I-led¢1) -
3. ZETA(I#l,J%1))_+ A4 % (JETA(I=1,J=1)_=_2=TA(I-1,J+100) _
DRHO = (RHA(I¢14J) = RAGL{I=1+J1) 7 2.
GO To 33S
JACOBIAN FOR PGINY TYPE 8
325 A1 = PSI{I-1,J+1) R .
A2 = PSI(1,4+1)
A3 = PSI(I¢1,J¢1)
A6 = PSI(I+1+J)
e _A9 = PSU{I+1,9=1) . _ e e e e i
AJZP = FACMA3 * (ZETA(I*149) * (A9 — A2 — A3) + ZEFAli-1+4J) *
: (Al + A2) + ZZTA(Led+1) * (A6 + A3 = Al) ¢ CETA(Ll.Jd-1) ¢
2 (= AS — AB) + A5 % [LZTA(1+1:J+1) — ZZTA(l+1eJ-1)) + A2 *
—— 3 AZETA(I-=1.Jr1) _~ ZETJA(I®Y,,J+1r)D)D . e e e e -
DRHO = (RHO(I+1,J) — RHGII-1,4))7 2.
GO TO 335
c NEWZTA FOR POINT TvPZ 9

CI30_NEWZTAL{IeJ) = OLDZTA(1,J0)
G0 TO 340
CALCULATE NEWZTA FUR PUINT TYFPES O THROUGH 8

335 NEWZTA(IsJ) = (AJZP —~ (5 * DRNID / (DELTAX % RAJII(J))) * DELTAT
1 + _OLDZIA(L ) — PR e - —

(8




340 CONTINUE
345 CCNTINUE
< IF(MOD(MT.25) .EQe0) 50 TO 355
c Po SET OLDZTA = ZETAs OLDRHO = RHO - o
- DO 350 T = 2+ NIML
DG_350 = 1y NJ

OLD2TAlT»J) ZETA(1.J)-

350 GLORHO(1,4) RHO(I,J) .
GJ TO 365

355 DELTAY = DELTAY & 2, . S
1F(1B25+€0e1) GO TO 360

1825 = 1

MT = MT = 1

60 _T0_365 - S
~ 360 1835 = 0

Q. SET ZETA = NEWZTA, RHO = NEWRHO

365 00 370 1 = 2, NI Ml

= 1.NJ
) = NEWZTA(IL.J)
WRHO (1 o) ————

0non

»
-~
N
v-—

Re CALCULATE PSI FOR NEXT TIME STEP
o SOLVE PCISSON EQUATIUN FDOR PSI ) )
CALL FA(PSIZZETAJFTRGFIIePSIBFToADsUAL +sUA2,UA3eUAds UASeNI sNJJNI M2,
1 NIM2)
c SUPERPOSITION SOLUTION F3R PSI AT TIME STEP MT
CALL SPU(PSI,PSIAUX.[TYPE,BETA+IBsJBsSPSIeNIenNJsN1M2,NIM2.NIPA,
1 JMAXME ¢ NPB,NIBP2)
i MT.=_ _MT_#_1 -
GU TO 235
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"

00 & J = 2.,NJ
D(J) = (RHOUI+J) — R40{1,J-1)) / DELTAZ
S CALCJLATE_B_MATRI X ELEMENTS
4 8(J-1) = 3. ®« (0(J) + D(JI=-1)} T
BINJ) = 3. % D(NJ)
- TRIDI AGONAL SPLINE MATRIX INVERSION SCHEME
e __Z€1]_= 8(}) _
00 S 4 = 24,N)
UL = =1« 7 U3(J-1)
JP(J) = AD(J) + UL .
S Z{J) = B(J) ¢+ UL * 2(J-1)
DRHO(NJ) = Z(N3) 7/ U3(NJ)
DD 6 J = 24NJ
e K = N = J ¢ 1 e
6 DRHO(K) = (Z(K) — DRHAI(K+1)) 7/ UP(K)
c
< Ce CALCULATE RI FROM DRHUJU. D2PSI
<
DO 9 J = JS.JE
IF(D2PSI(J)eEQaOa) GO TO
R = - G * DRHO(J) 7/ (RHD(I.J) * D2PSI(J)*%2)
e _IF(R.GTes25) GO YO 7 —
R = +25
GO 10 9
7 IFIR«LT«9:99) GO YO 2
e B R_ = 9. ——— e e
9 RI(I+J) = DLIGIO(R)
10 CONTINUE
RETURN

- _— END e e e
[SUSRIUTINE CALCUK PSIs ZETAsJsADeUPsBeZ s DeNIsnNJ)

E THE(S ROUTINE CALCULLATES THE HCITZONYAL VELUCITY T§Z.0 U

ol e e e = - C— - -
IM'-'LICIT REAL*B(A—H’D =-Z)
REAL *8 PSIINI eNJ)sZETAINI «NJ)2UINT oNJ) qUPINJS) 2 ADINJID) oBINIYeZ(NJIDY,

i D(NJ)
R, _CDM‘IQ,N/.C}/DELTA_K._DX\&Z..).LTAZ.DZMEJDZSQ.DZDL'“.-.hu Al s NJ41, IEXP2,.
I1Se IS IEs JZ s ISHeIEWNPEPL 3 JMAXe1Sdy 12D

up(1) = AD(1)
D(1) = O,
B DD 3 I = 1S.1E ___ .
z BOUNDARY CONDITIONS ON SECUND DERIVAT IVE GF 2S1
D3 = ZETA{l.1) & D236
DT = ZETA(I.NJ) % 22D6
ol _CALCULATE B MATRIX ELEMENIS. _. B
D0 1 J = 2,N4
D(J) = (PSI(I+d) - PSI(l.Jd-1)) 7/ DELTAZ
1 8B(J-1) = 3, = (D(J) + D(I=-1))
... _ .Bf1). = B(1). = 3. % D3_ __ e
B(NJ) = 3. % (D(NJ) + DT)
z TRIDIAGONAL SPLINC MATRIX INVERSION SCHEME FUR J
Z{1) = B(1)
_ . D0 2_J = 2.NL e
UL = —1e /7 U3(J-1)
JP(J) = AND(J) + UL
Z(J) = B(J) + UL £ 2(J-1)
e UL ONDY) = = _Z(NJ)_ £ UP(NJ) — e o —
D3 3 J = 24NJ
K = NJ=-J+ 1
3 U(I.K) = = (ZIK) + U(1.<+1)) 7 UP(K)
._. . RETURN I e e e
END
[SUBRUOUTINE CALCHE PST oW sFTRyFTLIAKINIsNJIJNIM2)
[od
C__.. _TH|S ROUTINE CALCULATES THU VERTJCAL VELOCITY Filz. 0 Moo oo .
b=
IMPLICIT REAL #8{A-H.3-2)
REAL*¥E PSIINI +NJ) oW (NIsANI) s FTRINIM2) s FTI(NIM2),a<(NIM2)
CLAMON/CL/DEL TAX s OXM2 4 DELTAZDZM2+D2SCoDZD6 s el 4ls NIML W1 EXP2,
1 IS+ S+ IEeJE S ISWsllie s NPLP1 4 IMAX, 153, 1ca
c CALCULATE FOURIER TRAN3FCRM UF PSI
. .Db0_.3 .4 = JsS,4E U
D3 1 [ = 1,NIM™2
FIR(I) = PSIC(1,J)
1 FTI(I) = 0.
o _CALL FASTUFTRWFTISNIM2,ICXP2,-1) _ I .
[« CALCULATE FOURIER COZFFICIENTS OF Ww
DO 2 1 = t,NIM2
T = FTR(1}
— FTROIY =_ - AKLY) _* FIXLI) . o e o
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‘1 Y{J) = vy
¥ =C « U- S &V
vV=C%V+S U
2 U =171 J— —_
J =1
NT = N / 2
IMAX = N - 1
— D0 .S_1 = 1s1IMAX —————
IF(leGEWJ) GO TO 3
T = X(J)
xXtJ) = X(1)
—  _X{1} =X —— e o — -
T = Y{J)
Y(J} = yv{1)
¥Y{1) =7
— 3 K_=_NT_ — —
4 IF(KeGESJ) GO TO S
J = J - K
K =K/ 2
_6D_T0 4 —— - ——
5 J = J ¢+ K
IF(INVL.EQ.l) RETURN
FN = N
DO 6 I = 1N
X{1) = X{(1) 7 FN
6 Y(I) = Y(1) 7 FN
_RETURN —_ —_
END

[SUBRQUT INT GEH X+DETeN1sN2sIACC)

THIS ROUTINE CALCULATTS THE DETEIMIMNANY OF THE JaT<X[X Xo IN O] ACE,
JSING GAUSSIAN SL IMINATION w]TH 2akTlAL PIviTlivg

[aIRIRTR]

IMPLICET REAL*#3(A-H+3-2)
e ..-REAL*B8_X{N1asN1) e ———————

N2Ml = N2 - 1
1ACC = O
DET = le
_____ . .DO 7_d = 1sN2ML____ e e e e e
c FOR EACH ROW, DETERMINE LARGEST MATRIX ELEMLQT
XMAX = 0.
K =0
e 2D D = T.N2 — e e & L e -
Y = DABS(X(l.J4))
IF(YelLEe xMAX) GO TO 1
XMAX = Y

-~ K ..
1 CONTINUE
IF(KeNELQ) GO TO 2
DET = Qe
e _ RETURN, — -
2 IF(KeEQ.I) GO TO &
c INTERCHANGE COLUMNS IF NECESSARY

|
|
-

SOr=-=cai

O OhA==-en XOC =~

I -

I e
=<
*o
M~
—q

ROw CONTAINING PIVCTAL ELEMENT BY APPRUPkI ATt CONSTANTS,
TO RPDWS BENEATH, SU AS TC ZZRO OJUT ALL =Z_c9vcNTS A=NEATH
ELEMENT
)
I

“» =

IP1aN2__ N S

«EQ.0s) GO TD 6
Y 7 X(1.+1)

1
X{Js K) = D % _X{I1.:K} [ -

0o~
ce !

~ouw
MTUmC=UNOOXOU=D D> Tmgx X

LMMPMTNOPOOO TMO=ZCTOM~A=

Uﬁﬂnqﬁ rZze

ERMINANT FROM DIAGONAL ELEMENTS

™ ZZeX~LLpOD

> CremX X

T
2.
.LT.1.0¢50) GO TO 8
l.‘)—SO

+

_Z(LI.I e e e i e e i

[§g :111(5 QQAF!d(x.A.LlN 24, LINE 24 NGy NLEVINL o NJ s NISM])
(1S _ROUTINE CREATES A SHADED, LING PRINTER L5RAJ11CAC DISPLAY
TAE FIELD X w1THIN THr Ot INEL LIWIT5 GF 1TNTo 3o ul.
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IMPLICIT REAL*8(A-H,3-2)
REAL#B XINIsNJIYLAINToNJID L INEAB(L14),_ INESB(14),LINZ68(14),
OLD(132) yNEW(132)4VI(13)sV2(13)
—_— BEALtq LINE14£33),L INE24(33),LINE34{33NISML)sNALEL 2,6
LOGICAL¥]1 LINE2(132) LINE3(132,NJSM1),SYM(353)
SQUIVALENCE (LINE2(1),LINE24(1))
COMMON/C1/DEL TAX s DXM2 4DELTAZ4DZM2,DZ5QsDZD6sse NI 42 NINL,IEXDP2,
 } 1S IS+ IEr IS 1SW o JENSNDPBPY ; JMAX, [S3, ES. e
COUMON/C27LINE4E, LINSSB8, LINEEB,LINEL1& oLINEC24 s NAME 5
t MT e INs INGINMLeNISsNISML o ILs SYM
jd DETERMINE MINIMUM AND MAXIMUM VALUES IN THE FIELJ, AND STORE FIELD
£ _.U2SIDE_DOWN 1NTD_A o
XMIN = X(ISe35)
XMAX = x(lS.JS)
DO S5 J = JS.JE
____-Js_=_JE;_J__4 L S S
J0 S I = 1S,1E
Y = X(1eJ)
A{I-IS+1,K) = ¥
— __AF(YeLT o XMIN) XMIN = v .
S IF(Y eGYT o« XMAX) XMAX =
o CALCULATE INCZREMENT BEIICEN SUCCESSIVE LEVELS OF S51AJING
D = (XMAX — XMIN) 7/ NLEV
e I1F(DsGTal1eD=12)_G0O.TI_10 - _—
WRITE(6+2001) (NAME(I+NQ)oI=1,42) s MT,XHMIN
2001 FORMAT( 1H1,2A4," FIE.De TIME STEP =0,144%s (5 VIRTJALLY CONSTANT®,
1 10X *CUNSTANY =°,1PD10.2)
—— __RETURN —
10 DL = DLOG10(D)
IDL = DL
IF(DLLT.0e) IDL =_3IDL — 1
__ . SIGPRT = 10e _*% (U =-1DL}_ _ e
IF(SIGPRY«GTe2¢) GO TO 13
SIGPRY = 2.
GD TO 25
.15 IF(SIGPRT«GT«5+) GO TD 2D
SIGPRT = 5.
G0 YO 25
20 SIGPRT = 10,
.25 XINC = _SIGPRY _*_1{0, &% DL ___ __ _ e e
[< CALCJULATE MINIMUM AND MAXIMUM VALUES TO BE P.UTTZD
DV = (NJSM1 + 1) * XINC
IMIN = XMIN / XINC
o TF(XMINLTeOe) IMIN = IMIN ~ 1 -
XMIN = IMIN & XINC
ITMAX = XMAX / XINC
[FUXMAXeGTaDe) IMAX = IMAX + 1
o XMAX = IMAX % XINC PR e e e e
c wRITE HEADING
wRITE(6,2002) (NAME(x.nc).t:l.zy.ur.leN.qux.xxuc.Ls.Js.LXNsla
2002 FIORMATULIHL«4X 244 ,¢% FIELDy TIME STEP =%,18e¢%, MINIMJM =9,1PD10.2s
1 Sy MAX[MUM =93 12010e20%s INTEKVAL _=°,1PD10e¢2a
2 $, BASE POINT = (% e12s%:%°9 12,7 )°/71x,33A0
D2 50 J = 1+JN
“C LINEAR INTERPOLATION TO DETERMINE THE VALUE JF Tdc FILELD AT EVERY
= PRINY_CHARACTER IN A { IN=
DO 30 I = 1.INM41
DIFI = (AlI#+1,J) - A(I.J}) 7/ NIS
L = NIS « (['- 1) + 2
NEwW(L) = A(I,J) - XMIN
DO 30 K = 1l,4NISMI
30 NEMKH_) = NEW(K+L~-1) + DJIFI
e NEW{IL)Y = A(INsJ) = XMIN_
lF(J-EQ.l) GO YO 40
< LINEAR INTERPOLATICON TO JDETERNMINE VALUE OF FLEL) 0N CINES BETWEEN
c VERTICAL GRID POINTS
._..DO .35_1_ = 2,1L —_ — e
SIF1 = (NEally = OLO(T1) 7 DV
TEMP = OLD(I) 7/ XINC + 2
23 35 K = 1, NJSML
e _TEMP_.=_TEMP_& DIF Y —_— —
L = TEM
o DETERMINE SYMBOLS ASSCCIATED WITH THE VALUES OF THI FIELD AT FACH
c PRINT CHARACTERs AND 2UINT LINES
_.-35 L INE3LL.K) = SYM(L) R e e
WRITE(6+2003) LINE34
2003 FORMAT(1X.33A4)
40 DO 45 § = 2,1L
. = NEW(T) /. XINC_+ 2a — .
45 LINE2(L) = SYM(L)
WRITE(6,2003) LINE24
DO S0 I = 2,IL
o 50_DLD(L) = NEWLI)___ _ - o

87
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WRITE(6,2003) LINEL4
c CALCULATE THE VALUE JF EACH LINE SEPARATING LEVzLS OF SHADING
E = DMAXI(DABS(XMIN),DABS{XMAX) )
F1L = DLCGIO(F) _
IEL = EL
IF{EL«LTe0O6) IEL = [EL - 1
V2(1) = XMIN 7/ 10. *x JEL
=_ 20 % XINC / 1D. 8% 1EL
+ VINC

!

&)
w

ALUE SCALE
URITE(G-?OOA) VI LINEGBsLINESS, IEFL+LINEGS V2

- 2008 FORMATL1HO,15X213FB42/71Xs*SCALZ. (TC BE®*a14A3/71X.°
1 14A8/71 X¢'BY 13%%°,13:2X+14A8/712X+13F8.2)

0

RETURN
END

(S UBROUTINE GRAFTN(LINF34,L INF3IJNJISML) _—

YHIS ROUTINE INITIALIZES ANNJYATION FOR GRA2HAICA., UJTPUTY
—  REA1 #8 { INF48{14) a1 INESB8{13)sL INFEI{14¢)sBLANKS

nnn'

REAL*4 LINELA(3
NAME2( 2
LIGICAL*1 LIN

NE28( 33)eLINT34{(33sNISMLI) sNALZL (246

32eNJISML ) o LINZ4(112),
2 SYM2L53) 5301 »DASHBLANK
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(1) _INZ2401 1))
1 (Y )eLEINZD3(1D),

2
— CJDMMDN/LI/DEL
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1 MToINeJ
DATA SYML/® ® ,?AY,
J
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—_— E
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— - 1 .. . DOT/'. —_———
c CALCULATE NUMBER OF 9klh1 CHARACTERS FROM UV—
e PDINT TO THE NEXT

NIS = 129 7 IKNM1
_ —.._- NFB = {2 # NIS_ * InNM1} 7 4_+_1 e e
1 NIS - 1
INML + 2
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IMPLICIT REAL*8{(A-H,0-Z)
LINTEGER#®S 1TYPEINISNJILIIINPEP2)Ys JBINPBP2)
COMMOUON/CLI/DELTAX, CXM’-D:LTAZ-D?M?.DZSQ.DZDD.U-NIII-NJNI.lEXp?n
1 I1SeJSesIELJE ¢ ISKsIERWNDO3P]L ( JMAX, 158,123
c INITIALIZE ALL INTERNAL PDINTSs AND UPPER AND _JWEX 3UuUNDAKRIES
e DD 2. £ = 1. — —- ——— . —
DO 1 J = 2sNJM1
1 ITYPE(I
ITYPE(I
2 ITYPE(L
i
D
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= 2
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3.AND.,KeFQal) ITYIE(I,J) = 9
3.0ReL+EQeS) K 1
4.0R«L+EQa6) K

[
o

- |
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UTINE SO XsPSIAUXsITYPEGEETAsIBs JBeXOsNLeNJs NI 42e NIJM2,NIPA,
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. COMMUN/CLI/DELTAX, DXMA2,DELTA
i 1S4 JSVIEsJEWISas
DI 2 K = 1,NPB
ALPHA = Oe
_ DI .1 L =_1.,NPB __ -
c CALCULATE ALSHA FFOM BETA
1 ALPHA = ALPHA + BETA(KsL) *® (X0 = X(ID(L+1),983(_+1)))
= IB(NP3P1) ~ IB(K+1)
B(K+1) -

P
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Listing of data

65 24 o] 10 o 0 6.250¢02 64250402
12 2 12 3 12 a 12 5 13 S 14
1 1 65 24 2
40 40 2S5. 25.25. _.9. .. oo R
60 80
80
80
80 . e N
80
80

2
2.50D+01_ e e e o

1
0.00D400 2,500+02

cards

1.00)¢ul
5

15 S 135 I5

Beginning of output

SUNMAIY OF INPUT OATA FUR NON-ITERATIVE, SOLID HARRIER PHOGRAM

NI = 55, NJ = 244 NT = 80, NPH = 10, (87T = U,

"COORDINATES OF BARRIER = "(1242) 7 (124,30 (12,80 t12s5)

ISAVE = 0,

DX = 6.250+02,
(1305) (14453 (13450 (15¢4)

IS = J, JS = Js» IN =65, JN = 24, MNISML = 3
TNPSILV = T40% NRHOLV = 405 NITALV = 257,  NULV = 25. NuLV = 25, NRILV ® 9
IPSEGR = 60 80 © O O O © ©0© © o ©0 o @ o0 6 o o0 o o o
IRHIGR =~ 7807 "0~ "6 0" T 0 0 0T T 070 "6 0 e o0 "o T e e 070 o
IZTAGR = 80 ©0 ©0 O0 © ©o© ©© o Oo o o © o o0 e o0 o0 o o o
TuGR" " " a77g0 "o 0T 0" e e "o Te 0T 0770 o o o oo o o "o o
IMGR = 80 O © 0 ©0 © o o0 ©0 o o0 o 9 o0 o o o o o0 o
IRIGR ‘= 807 07 0 70" o0 o o e o0 To o’ "o 0 0070 e T 0 o
CONSTANT VE.OCITY CASE, Ul = 2,50D+01

CONSTANT LAPSE RATE CASE, GAMMA = 0.0 7 4, 'T0'a 2.500¢027 7 T - T

DZ = 6.250¢02,

15 2

OT = 1.000+01

(15,3) (15,2}



ST FIELDs TINE STEP 5 @0, MINIHUN = —3:6006 067 MAXIMUN =  1.000004s INTEAVAL & 1.000¢04¢ BASE POINT = i T
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LEGEND FOR FIGURES

The figures show the 1ine printer output at.fixed times for selected
fields in the (x,z) plane, that is, in a cross section normal to the axis of
the disturbing obstacle. The top Tine contains the symbolic name of the
scalar field, the time step number, the range of the values plotted, the
interval from one band to the next, and the grid point (i,j) values for the
Tower Teft hand corner of the output field. Value intervals are represented
by alternating bands of letters and clear space. The values of the equi-scalar
contours constituted by the boundaries of these bands may be read from the
scale at the bottom of the diagram. The scale is subject to change for each
diagram, since it is automatically adjusted to the range of output values.

The grid points at which the scalar field is calculated are delineated
by dots around the edge of the diagram. Values between the grid points are
determined by an interpolation routine. The barrier is indicated by a
solid Tine at the bottom of each diagram, except for figures 13 and 14, For
this case only, the lower boundary was specified by a nonrigid flow condition

located between 11 and 20 grid points from the left side.
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Figure 1, Streamfunction field at 1000 seconds for case 1 (constant
velocity, constant stability). Ax = 1000 m, Az = 1000 m,
horizontal extent displayed = 64 km, vertical extent
displayed = 23 km,
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Figure 2, Streamfunction field at 1500 seconds for case 1. Dimensions

as in figure 1
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PS1 FILELD: TIME STEP = |00, MINIMUN = -£,00040%5. MAXIMUN = 0.0 v INTERVAL = 2,000+04, BASE POINTY = ( 1, 1)
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Figure 3, Streamfunction field at 2000 seconds for case 1, Dimensions
as in figure 1
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RHO FlELD, TIME STEP = 50, MININUM x 3,400-01s NAXIMUM = 1.260¢00, INTERVAL = 2.00D-02, BASE POINT = ( 1, 1}
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Figure 4, Density field at 1000 seconds for case 1, Dimensions as 1n
figure 1
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RHO FIELDe TIME STEP = 100, MINIMUM = 2,400-01, NMAXIMUM = 1.,26D4¢00, INTERVAL = 2.000-02, BASE POINT = ( 1. t)

@ o 8 s ® 4 9 e s o 2 s e & & &8 5 & a s s s & 4 5 e @ ® s e ® e @ 6 e s 4 6 8 8 e & 4 s s 5 e = e B 8 8 p & & 8 8 s b e e &
-:AAAAAAAAA‘A"lAlAAA‘AAAAAlAAAAAAAAAAAIAAAARAAAAIIlllll AMAARAAMAAAAAAAAAAAAAAAAAARARARAAAARARAARARAALMARAAAAASARALAAAAAAAAAAAAAAAAAAA,
AAAAAAAAAAAAAAAAAAAAAL AAAAAAAAAAAAAAAAAAAARAAAAAAAAAAARARAAAMARAAAAAAAAAARAARAAAAAARAAAAAAAAARAAMAAARAAAAAAAAMAAARAAARAAAAAAAAAAAAA

AAAAA AAAAAAAAAAAAAAAAAAAAAA AAAAARAAAAAAAA AAAAAAAAAAAAA AAAAAAAAARAAAA
. - R PR - .. .. e - . .
ueueeesanassneannuuuuuuammnn BBNARAARMBOAA BEHEEREEBARE BRAREBADANEHA
8u8AEC BUOBEBESBREBAD CEGERELET ARANA 11RHARARBP RAAPNAREIARABNABBNOANN NANANEHAPANARAABANNN AR
. aege Eam’anEBBseeeauaaﬂananaannnaeeeneeﬁnnnaeﬂaeeEaeEEEﬂnnnnneaanaaaenpnnpﬁnpaaePﬂnnennnan.
a 68 EEBBEAB B8 BBABEBBEGAEBER €68 CEEBEBEAEARAR PARRERBR
EABEBECERBELE 888B8ABAA nnaaa

[ e e - [, - [N e,

‘ cecceeeccee cececeece ccee
€CCCCLCCCCCCCLCCCCCCCCCCCCCCCECCCCCCLCCCCCCLCCCCeCe €CCLCLCLCLCCLCLCCLECCC  CCCLLCLCLCCCCCCCCCCCCCCCLCECCCCCCCCCCCLLCLCCCCCee
€CCCCCLCCCCCCCCCCCCCCCLCCCCCLLCCCCCCCCLCCLCCCCCCCCCLCCCCCCCCCCCCCCCCCCCCCCCCLCLCCCCCCCCCCCLCCCCCECCCECCECLECCCCECCCCECCCLCCrCcCCcccced
-CCCC(CCCCCCCC(CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC( CECLCCEECCECCECCCCCCCCECLCCCLCCCCCCCCCCCCCCCCCCCCe
ccceeeceeccececceccecce ccceeccceccc ccccec ccceceeecec ccceccccecce
BODNONDOONDON DNBDDDOND - o .
* 000D DIDDODODNOD DPDDADDDODODOD AOORDOONOEODHNODDODD DRNNDNNDDOOGDDNODOND DDCODOOCODDONDDNODNODOD NNDNNDROBDOOENNOONDDOD

000000 0DDDBOODO00ODONDDOODODODCDODONDNINDRINODODNDDODN0DDODNNNHINNNNINDNDDDONODNNNODOODNDNDDANCNONDDDOLNDNHINOND BDDONODNDDNNNDINNNNNN BN
D02000 DODRLOCOLDODDOOYOOD0DDDDODCDODODODDD _ DOOGDEE €CODDCEED000D000R0D. . Dggmmouuoncqcopp_gqp_gp_o_o_qonnooonomna_ooconn:unoeuunon

. 000000 T D00DDDODO D0DD ONONDODD «

EEECELEEEEEC EEEEE EEFFEFFCEEEEEFEEEEE FFFEEEFEFFF FEEFEFFFEFR FEEEFEF
-EEEEEEEEEEEE EECEFEEEEECEEEEEEEEEEEEEEFEEERREERFEEEEEEEEEEEEE FEFFFFECEEEFEEEEEFEEFEEEEEEEEE < FEEEFEEEEEEEEFFEFIEFFFEFEFFFEFRERED .
EEEEEEEEEELE EEEEEEEEEEEEEEEEEEEEFEEEEEEEEEEEEEEEEEEEEEEEEEEF.EEErE‘FFEEEEEEEE!EEEEEFEEEEEEEEEEEEEEEEE EEEEEEEEFEEEFEFEEFEEEFFEFFFEEE
CErEEECEEECEEEEEEEEEEEEEE EEEREEEEFNEEEE EEEEEEEEEEE EEEEELEEEFEREEEECEEEEEEEEEFEEEE

PR e el ..— EEEFEE_

FEFFFFFFEFFEFFEFFFEFF FFEFFFFFEEFFEF FEFEFFEFFFE FEFFFFF
FFFEFFFFEEFFFFEEFFEFFFFFFFFFFFEFFFFFFFEEFFFFFEFFFEEFEFEFFFFFEFF FFFEFFFFFFFFFFEFFFFFFEFFFEFEFFFEFEFFFFF FFEFFFFFFFFFEFFFEFFFEF
FFEFFFFFEEFFFFFFFFFFFFFFFEFFEEFFFEFEFFFFFEFEFF FFEFEF FFFFFFEFFFFFFFFFEFFFFFEFFEFFFFEFFFFEFFEFFEFFFEFEFEEFE FEFFEFFFFFFFFFEFFPRFEF
. FFRFFFFFFFFEFFFFFFFFFFF FEFFFFEFFFEF FFFEEFFEFF FFFFFFFFFFFFFFFFFFFFFFEFFFFEF ,
FFFFEFK

GCGEGG
GGGGG«GGGGEGGGGGGGGGGGGGGGGGG L. GGGGGGGGGG GG(-G(.GG GGGGGGL G
-GGGGGGGGGGGGC GGGGGG GG 66 GGGCGGGCGGGGGGGGGG GGGGG GGmCGGGGCGGGGGf‘GGGCGGGGGGG{GGGGGGGGGGGGGGGGG-’GGGG-
GGGGGG6GGGGGGG GGGGGGGGGGEGGGGE GGGGGGGGGGGGGGGGG GGGGGGGLGGGGGG GGGGGG
GGGGGGGGGGGGGGEGE GGG GGGGGGGG GGGGGGG GGGGGGGGG
GGGGGG GGGG
- HHHHHHH HHHHHHHH o FFFHHHHHH HHHHHH T o .
AHHHHHFF FHHAHHEHHHHNA A 1

+ AHHHH  HithRH 1M hhe AHHHHHHHHM R E HRH
MHHANHHHH HHHHH B HHHH R HHHHHHRHANHH HH
. - oo HHHHHHEFHH R R HHHKE R -
HHHH

JI3393339
SISIIIIIINIIDIISIIIIIY ENT]
«JIINIIITSTIISTIIIIIITINIILIIIGININI) J3 J Js33903 2
JIIIIIIIIIIIIIIIIIIIIIIIIIIIND ENFRY] 443 JIINI33309
FRRENFENNNNE] Jdadd
KKKKKKKKK KKK FENENNNN] KKKKK
KKKKKKKKKKKIKK KKK KKK JJJ KKKK KKK KKK KK KKK KKK KK KRKICKK KK KKK K KKKKKKKKKKKKKK KK o
7 KKK KK KRG KKK KICK KK KKK KKK KK KKK K KKK K KKK KK KK KKK KK KKK K KK IR IR IR KRG I KIS I IR K I G IGIGIR I GCRK RC8ERK K
KKK KK KK I K IR I K O KR KR KKK KKKK KKKK K KKK KKKK KK MK KK KKK KKK KKK KR R KKK KK K K
_ L KKK K Ly KKKKKKKKKK . _
- L'I.LLLLL 'LLLLL KKRRKR o e T A S T Tttt T
TRTRTE TS [EAN NS L LLLLLLLituL LLLLLLCLLLLLLLLLLLLLLLLLL L L L ettt
LLLLLELLLELLLERELLLLELLLLRLLLLLL LD [NUE LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLlLLLLLLLLLLLLLLLLLLLLLLLLLL
LLLL LLL LLlLbbiblliLbiititpeeeieet Lol lelele] LLLLLLLLLLLL
. LLLLLLELLLLL T MMM - s
L] HMMN L] LEL LTS ] LLL LU LU UL LLLL L
MMM MMMM MMMMH NS A P M N M MM M0 M M A M N A A AL 0 AN 0 B R MMM BN MM M M
MAACM MM MM BRI M 0N M M MM A M MMM M ANNAN MMM M N M MMM MM M MMM M UM M MM M M M4 0 A M MM
. MMMM MM MM MEMHMMMMMMY ~ “THENNEKNRK L] T T N -
N MMM MM MMM NN LI
NN MMMMM NNR L3 NAR
NNNN NAKN NN Qco NANNNN
. NNNNNNN NR  CCCCocec .
[s] NN L CCCCCCCCCCcgnoo
UDDOOOQUODCCCCCODDDOUDOODOOOODDU NHNNNNNN NN DDUCGGOCDODOODQUOOOO ©000C000000000C0000CC000C000N0000000000000000000000000000000
000 NNNNNN ao uououocucouunnnuccnuucn(oouucnounouoonuouoooouoooououuuocuuoouuo
. ) o 00O NNNNR TUU —
P PF Ll oo aco PPPPPPRR
F oo 000 el PPPRPP P PP o
] PP 000QCOO0 Ll PPAPRPPNP PAPE PPPRRRPPPPP POPPPPPPR e
00Uo0Ug0an PO OCCO ~ ° °  PEF gagga .
cauoooooaococcaoouaaoaaauoaoooo QaaeQ P PPPPPP @Q00anga an
R 2 PRPPPPRP  QQ qooooooocoonouanaaaoaaoooouuoaooaounoouoao
_PPEPPR PP QQQ qgaqa e _______aocuooaooaoouoooonoouoooooaoﬂoaOannoqu
a” PRPPPPRP teéa L
aq 4Q3Q00  ARRRRARR RRARRRRRARA RRRARRA
RRARIARARARARRRARRRRRRARRARRAR FRARRRRARRRRARARARARA RIRAR RARA RRRARRA RRARR RA
RARRRARKRRAARRARARR RRRRRAR ) _ . PRRRARRARARARRRRRRARARRRRRARRRAPRARRRARR
.
I I I T T R T O N R T T T T P P P

JITTIITT.
RN NN N

(e
Lo
[ore
(s
(s
[
[N
[Spars
[aprag
payur
[apure
cuo
co

REFERENN
JIVIINIIIIIIIIIIIITIITIS.
3 J33330338333333332

" RRRRRA
Fﬂ Rﬂﬁ RARFRFFRARARRRARARARARRRRRA
RRARR R
R ﬂ

SCALE (TO BE ~— 0.58 0.66 _ 0.74 0.82 0,90 1,06 t.14 1.22 1,30 1430 1,46 1.54
MULTIPL 1ED IAI lnl ICI ‘Dl ,EI IFI ,GI l"l ,ll lJI 'KI 'LI l"l 'NI ,0| |Pl ,DI IRI ,!I I'I ,UI IVI ,!I LI ,vl z9
BY 10es -]

. .54  0.62 _ 0.70 __O.7T8 _ 0.86 1.02 1. L1elB ___1.42¢ 1a3a _1e%0

Figure 5, Density field at 2000 seconds for case 1, Dimensions as in
figure 1
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Figure 6. Vorticity field at 1000 seconds for case 1. Dimensions as
in figure 1
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Figure 7. Vorticity field at 2000 seconds for case 1. Dimensions as
in figure 1
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LUGI(R1) FIELD, TINE STEP = 100, MINIMUM = ~8,000-01. MAXINUNM = 1.,000¢00¢ INTERVAL = 2.000-01, RASE POINT = C 1,y 1)
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Figure 8. Richardson number field at 2000 seconds for case 1
Dimensions as in figure 1. Areas in which Ri < 1 are
indicated by a dashed line. Areas in which Ri < 1/4

are indicated by the symbol "A"
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Figure 9. Streamfunction field at 3750 seconds for case 2 (linear
shear, constant stability). Ax = 2000 m, Az = 1000 m,
horizontal extent displayed = 128 km, vertical extent
displayed = 20 km,.
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Figure 10, Streamfunction field at 7500 seconds for case 2, Dimensions

as in figure 9,
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Figure 11. Streamfunction field at 1200 seconds for case 3 (exponential
shear, constant stability, R10]/2=3,3). Ax = 500 m, Az =
500 m, horizontal extent displayed = 32 km, vertical extent
displayed = 7.5 km.
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£S1 FIELD, TIME STEP = 300, MINIWUN = —1.750#05, MAXIMUM = S,00C¢03, INTERVAL = 5,000+403, BASE POINT = ( 1, 1)
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Figure 12. Streamfunction field at 4500 seconds for case 4 (exponential
shear, constant stability, Rio1/2=6.0). Ax = 750 m, Az =
500 m, horizontal extent displayed = 48 km, vertical extent
displayed = 7.5 km,
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Figure 13. Streamfunct1on field at 3000 seconds for case 5 (nonlinear,
constant pu ) Ax = 1000 m, Az = 1000 m, horizontal extent
displayed = 64 km, vertical extent displayed = 10 km,
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Figure 15, Streamfunction field at 1500 seconds for case 6 (constant
velocity, constant stability, ksh=1,17), Ax =750 m, Az =
750 m, horizontal extent displayed = 48 km, vertical extent
displayed = 17,25 km,
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Figure 17, Streamfunction field at 600 seconds for case 7 (constant
velocity, constant stability, large obstacle, ksh=1.95).

Ax = 625 m, Az = 625 m, horizontal extent displayed = 40 km,
vertical extent displayed = 14,38 km.
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Figure 18. Streamfunction field at 800 seconds for case 7. Dimensions
as in figure 17.
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as in figure 17,
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RHC FLELD: TINE STEP = 100+ MININUM = 7.000-01, MAXIMUM = 14260¢00, INTERVAL = 2.000-02, BASE POINY = ( t, 1}

e e e e s s s s r s s s s s e % s s s s o s e s 2 s s as w sy e ea e
St SARARAAAAARARAKARARARARARARARARARaRARA adaladadaladadafada
AAAAAAAAAAAAAAAAAAAARAAARAA AAAAAAAAAA

AAAAAAAAAAAAAAAAAA

AA AA AARNYARARAR

. - =T ARBFERNBBANBEREE
B8BBAHHHBEBEFEBAHUBBHEBBRARE B8BAARRAANBAABBOEELBBOAN

2.2 2.9 L.8.8. 4 T 2.3 % A 32 2 2 8

ARBRAHAAAARARAABBABAARNAARADNA ~ .

86E8NBHABBRFBABAARBRANNERARNBARANBANKHAAD

.
6BRHONAAASEAPEHABARNARBRNPERBBLAABE EBARRBAARRBARAAREBBRAARAANB NBBAABAALEBPAFNBRBARARABBIBABRANABBERAEENINABLINAR
EBBURBBBOHEBEARBORAAAPAABODBBBERAABARAD EEEEERRBAB £8E8NBDADDBEBAEBRPBFRFARARRADEEABEABAARAAAARBAREARARARAAN

H8BYBABD .

«ERBBEA BBBB!!!!!BEBBBBB!BBBBBBBBBBBBBBBDBBBBBBBBEBHEBBBBBBBBR
BBBBBBBBBB BBBHBBHRBHBEHEEEFEBEEEEF BBBBEBEEBERABR
BBBBBBBEANEEBFELE EEEEE [L-1-1-1.)
1=

an BABERBBERSHA _ ccccecece - . _—
N . ‘seespass cceceeceecceccce

BABBARBABEBREREEERBEABBBA

cceeeeceeececececcec

) cc
CCCEECCCECECEeeecce €CCCCLCCCLECLCECCC ccccccrcccccccccccccccccrcccccccccc

[dddddddddddddddddaddd o odolon gy CCCCCCCCCCCCCCCCCCCCCCCC €Ceeeeeeceececeecececcecceccceecccceccccccce

CCECCCECECECECCECCCCLCCLECCCLCCCCCCCCeee
"6 €CCCCLCLCC L CCLLCELTTLCTTLTTTLT 44
ccceccecccecececee ccccccccccc(ccccccc(ccccc:c CEEcceecceecece
ccccecccececc CEECCCCCLCCCLLCCCcce n cceecccc
ccce —gecgeeccccccccee nNNNDODOOD T
== St DODBDDOD - €€cccececte NODANNDDOBOBDD
0DBDODODOOOODDLDDN DD cccc DOODNHDODDODDNNLD

€eCeceeec CCCCCCLLCCCCCLCCCCCT
€T L'CC TTTELTCLCCCLLcLcrecLcccceced [Sddd s o0

CCCCCCCCCCCCCQCCCCCCCCCCCCCCCCCC cc

0oDDDDODONNONNODD
DDDDDT’DDDOT)DDDO"DDDDDDDODODDDDDDDD

DODNDDONDODODDDODNDDDOOODON onnoDND 000DNDODDD 00020NNHDDNHNODHOODOH00DODDDDOODDDNNNDDDN
000000D00PDODDODDOD0DDD00DDDDDDODDON . opoNNOD ﬂDDDDDDDDDDCDDDDDI’)DDDDDDDDDDDODDDDDDDDODDDDDDDD‘JDDO")
DDDOODCCUODODDDD DODDT DBBDDODODD 7 nannney ~ 0DODDOODONONDOONOODOD 0DODOODODODD o
BDODDDDDDDDDOEDDD"ODDDD 00DDDDDOD DONODND oDDODDCOODDOOD

D0ODOOODDO 0D CODDODD oRDOODODODDDODDONDDOD EEEEEE 0DDDOD
0DODDONDOOODDLE E oOODDODEODDNDDD FFFEEEEFFEF

«PODOODODDD " T CEEEEEEEEEEEEE 0D0DDDDODDD - EEFEEEEEEEEEFE - o T
-] EEEEEEEEEFFEEEEEEEFE 000000 EFFEEEEEEEEEEFEEE

€
EEEEFEEEEEEEEREEEREEEEEEEE FEEEE EEEEEEEEE EFEEEEEEEEEEEEFE EFEFFFEEFE

EEEEEEEEEFEEEEEFE  ~ i EE.
EEFFEEEEEEEE FEEEFFEEEEFERFEEESEFEE
FFEFECEEFEEE

EEEEEEEEEEECLEE CEEEFEE ESEEE EEEEECEEEEEEEEFEEFFEEEEEE EEEEEEEEEEEFEEEEEEEEEE

0
EEECEE EEEEEEEEEEEEEEEEEE FEFEFF EEEEEEEEEEFEFEE FFEFFEEFF

EEEEEEEFEEEE EEEEEEEEEEE FFFFFFEFEFEF EEEEFEFEFEEE FFEEFFFFFFEF .
+EEEEEEEEEEEFEEEEE FFFFFFFFFFFFFFFEF EEECEFFEE FFFFFFFFFFFFFFF

4 —— -+ - EEEErEEEFEEECEEEE FEEEEE " EFFEE " " EFEECEEEEEFEEEFEE .
€ EEEEEEEEEEEEEEEEFEEEEEEE EEEEEE EEEEEE FFEF EEECEEEEEEF

FFFFFFEF .
FEFFFFFFFFFEFFFFEFFFFFFFEFFEFFF

FFEFEFEFFRER FEFFPFFF EEEEE FEFEFFF FFFEFEFFFEFFFFFEFFFFEFEFFFFFEFFFFEFF
FEFEFFFFFEF FEFFE FFFF FFFEFFEFFFFEFFFFFFFFFEFFEFFFEFFFEFFEFFFFFFEFFEF FE

FF _FFEFFFEFR FEFFF FEFE FEFFFFFEFFFFFFEEF FEEREEEFEEFEFEFEF _
‘

FFFFFFFEEFFFFFEFEFFEFFFFFFFFFFEFEF GGGGGGG FEFEEF FEFFF GGGGGGG FEFEFFF
FEEFFEFFFFFFEFFFFFFEFFEFEFFFFFPF GGGGGGGGGGG FFEFFFFEFFFF 6GGCCG0CEGE
FFPFEFFFFFFEFEFFFEFEFFFEFFEF GGGGGGGGLLGLEL FEEFFEFFFF GGGGGGGLGG G L.

. r FrE EFEF FFF F GGGGGGG GAGGGG REFEFFET GGGGGCE ccccccca

e =~ " F " FFFFFFFFFFFFF " " FFFFF —_ _FFFF GG~~~ FFEFFFFFFFFFF

GGGGGGGGGGGGGGGGG GGGGGFGGGG
GG GGGGG

GGGGGGG

GG GGGGGG GGGGG GGGGGGGGG\.-

GGGGGG 66666 L] GGGGa (19 GG

GG

GGGGGG 119 GGGGG 68GGGGGCGGGGGGG0GGG6EG GG GGGGGGGGGG6GGG6GGGGGGE

G
GGGG GGG G GGGGGGG . HHAH GG6e GGLGG GGGG GGG GGG

+GGGGGGGGGGGGEG GGGGG GGGGG GGG”‘ H¥ GGGG o &GGGE HHHH GGEGGGEG
GGGGGGGGGGGCCGGGGGG GGGGHhGGGGEG Hi
GGGGGG GG HHHH L dolal GGGGCGGGG HEHHHHHHHAH
GGGGG

HHHH HHHHHFFHHHHAA

b

GGGGG GGG HHH _ HHHH o G ____ _ HHEHHHHHHHHHHN
«HH H = T B HH an HHHP = ©° THHHH | HHF

HHHHHHHH  HHH HHH

FHHHRHHHHHEHHEPHHRAHBRHAHA HH
H  HHHERFPFHHEHHAHRHREH HHH HH

- HHAHHH HHHHHRHHHHHHH THHH T
HHHHHHHHHHHHHH

1 HHHHH HHHH
T 1 FHHHHHFHRHHHHH
1 1t
HHHHHH 1
1
1
I

HHHHHHHHHHMN
1 HHHHHHHHH
1 HHHHHH
i

JI4I20
NENRENRN
JIIIIIIIIIY

J 3 JIIId

J
234 J 1T HH 1 J3 1 I KKk JJ 192 JIII SIS JIII2
KKKK KKK KK FHHH J 11t 3 KKK 34
o KKKKKK KKKKKKRRKREKKKKRRRK KKKKKK JJJJ' HH™TJd © H 771J KKRKK™ °

JJII JIS KKKK

J11J1IT° RKRRKKR BNNANNENE)
KK KK KKKKKKKKKKKKKKKKKKKKK ~JJ3) H J Tt KKKKKK 3

J

J

JJI KKK  KKKKK
J4J KK KKK KK
JJI1J KK LLL KKKK KK

[agrsy

4
L L L K J9 11 JIdIJ IKKKK
SLLELL "LLUCLTELLTY TR LOErL —

JIJIISSIIIIINY

HHHH HHMK HEHEF FHEHEHHHHA
HHHHHHHHH . o

JISIIIIII

333333353333339338°

ENERNNN] JIIIIIIINIIIIISI

_JJ33J33030 _
.

JIIIIIIIS S 1 JJIJIJ
JIFIITINITIIIISIFTI T B & L ] I XTI YT lIl];T NIJTY - JNJIII T T . J’!JJJJJJ.TJJJJJJJJJJJJJJ’JTJ
29 ERENN EENREN]

KK KKKKKK
MK K I IR ICK 0K K ICCK I
XK KKK KK KRR IR R K IR KRR I

K J KXXX 73) X LTLLELT — KEKKAK KRKKKKRKKKEKRKKKKK KKKKRKKKKRKKKKKKKXRREKKKK KK 3~

| W &

LLLLe LLLLLLLLLI_L [NV RS Lk JIIr g x KK K LLLLLbLL KKK KKK KKK KKK KKKKKKKKK KKK KKK K
LL WL L L oL L L] J i 49 J X KK LLLL wLtLL KKK KK
NL ML ML L » L M L MM MNNNN_ LKJ 14 JK X KKK KK LLLLL LLee
oML L MLM ML M M M MM S LLEE T1J 777 JRLKJJ RKRRRKK ‘tteter LLLee LLLLLLLLLLLLLLL L - TLLLLLLLLYS
MM M M MMM MMM MMM MN LY 1) JKLKJ  KKKKKKK L oLL LLLLLLLEbLELLLLLL bbb L LLL Lttt
MM MMM MMM MMM MMM MM N M KJSD FEEXFNT S I xxxx (A8 [ENTRENWRTR RS LLLLELLLLLLLR L LLLLLLL
MMMM_ MM N N MK JJJ JIIIIK X 4y LL
L i N T NT NN Lai "L SEEL S J T JIR R I RK"‘ KKK’ T MREAMEMM T T 3 - - s . LC

N NNN L K 31003005 JJ KK ) KK LU MMMMMMMNN MMM MMM MM

NN NARANNNNN NNN NNN [ FNRNNENNN] KKKKKKKK L MMM MM 00 0 MMM RN 0 M I DM M A MR 0 1M MM A M M M
N NNNANKNRANNNNNNNAN NN LKK FNNNES] L MMM MMM MMM W MBS A M S MMM R MM M

» NNNANNNNNNARRRNNNNNKNNNHNNS NP -7 L KK ° 3 JJyRx 3 KK‘ TLL MNMMMMMMMMMBENPRN VN EW N .
NNNNRNANNNANARAN NNNNNANNNNN ML KKKKK FEEN] KKK KK LLL MM MV M MMM
ANNNNHNNNNNN NNNNK NM L KKKKKKK J KKKKKKKKKRK LeL My L NNNNNNNNNNNNNNNNNMN NN
NNNNNNNN NNR NM L KK KKK m«xxx KK LL um NNANNNNNA R NNNNNNNNNNNNKNNN NN
oNNNN N 57 T NNNNNN N “TC T KKK - b = il | NNNNN,

NKNNNN N LLLLe LLLLLLLL M NNNNN NNNNNNNNNNNNNNNNNNNNANNNN NNNNN

N NN MMMMMNHEN W OIN M MM M0 N MM NN N NNNR
NNNNNNNA NNNNK
c s o s e s s n s e s ae .. e ® o 5 o a a o s e e e s s s e e s v oa s s s e v s e s a4 s e s oas e s e e s oa s e s s oo
074 .82 0. 90 0,96 1.06 1.14 1.22 130 1.38 teat l«5a 1.62 1.7
SCALE (TO BE- - ° I me —_""l — I D P ] - ‘ - N ‘ T l N I I N T ottt ot
IllLT(l,PLIED IA] ai |c| o] lf-.'l Fi ,cl Hl lll Fl) ||<| (N ] |n| N| lol Pl ’u] Rl ,sl Tl |u| I'I x| vl 1zl
BY 10ee O
0.70 0.78 0.86 0. 94 1.02 1.t0 l.14 1 1.34 1.42 1450 1e%B 1.66

Figure 20. Density field at 1000 seconds for case 7,
figure 17,

120

Dimensions as 1in



LOG(RI) FIELD, TINE STEP = 100, MINIWUN = -8,000-01, MAX{NUY = 1,000D+00, INTERVAL = 2.00D-01, BASE POINT = ( s 1}
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Figure 21. Richardson number field at 1500 seconds for case 6.
Dimensions as in figure 15. Areas in which Ri < 1 are
indicated by a dashed 1ine. Areas in which Ri < 1/4
are indicated by the symbol "A".
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LOGI(RI) FIELD, TIME SYEP = 100, MINIMUM = —8,000-01, MAXINUM = |].,000400, INYERVAL = 2.,00D0-01, BASE POINT = ( 1, 1)
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Figure 22. Richardson number field at 1000 seconds for case 7.
Dimensions as in figure 17. Areas in which Ri < 1 are
indicated by a dashed line. Areas in which Ri < 1/4
are indicated by the symbol "A".
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Figure 23. Cross section of the potential temperature (in K) along

an east-west 1ine through Boulder on 11 January 1972.
Analysis above the heavy dashed 1line is from the Sabreliner
data, taken between 1700 and 2000 MST, and analysis below
this 1ine is primarily from the Queen Air data, taken
between 1330 and 1500 MST. Flight tracks are indicated by

the 1ight dashed 1lines (from Lilly and Zipser, 1972).
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Figure 24, Cross section of horizontal wind velocity (in m/sec) along

an east-west line through Boulder on 11 January 1972. This

analysis was derived from Sabreliner data only. The analysis
below 500 mb was partially obtained from vertical integration
of the continuity equation, assuming two-dimensional, steady-
state flow. Crosses indicate turbulent portions along the

flight track (from Lilly and Zipser, 1972).
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Figure 25, Streamfunction field at 4250 seconds for case 8 (Boulder
windstorm). Ax = 2000 m, Az = 500 m, horizontal extent
displayed = 128 km, vertical extent displayed = 11,5 km,
elevation at base of mountain = 1,5 km,
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Figure 26. Horizontal velocity field at 4250 seconds for case 8,
Dimensions as in figure 25.
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